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Urea is a drop-in nitrogen source alternative to

ammonium sulphate in Yarrowia lipolytica

Oliver Konzock,'? Simone Zaghen,"? Jing Fu," and Eduard J. Kerkhoven'-3*

SUMMARY

Media components, including the nitrogen source, are significant cost factors in
cultivation processes. The nitrogen source also influences cell behavior and pro-
duction performance. Ammonium sulfate is a widely used nitrogen source for
microorganisms’ cultivation. Urea is a sustainable and cheap alternative nitrogen
source. We investigated the influence of urea as a nitrogen source compared to
ammonium sulfate by cultivating phenotypically different Yarrowia lipolytica
strains in chemostats under carbon or nitrogen limitation. We found no significant
coherent changes in growth and lipid production. RNA sequencing revealed no
significant concerted changes in the transcriptome. The genes involved in urea
uptake and degradation are not upregulated on a transcriptional level. Our
findings support urea usage, indicating that previous metabolic engineering
efforts where ammonium sulfate was used are likely translatable to the usage
of urea and can ease the way for urea as a cheap and sustainable nitrogen source
in more applications.

INTRODUCTION

Over the past decade, nonconventional yeasts as host organisms for biotechnology applications have been
on the rise. Advanced genetic engineering tools and decreasing prices for omics analysis allow more
studies on non-model organisms. The oleaginous yeast Yarrowia lipolytica is one example of such an or-
ganism. The initial interest was focused on the outstanding lipid production capacity of Y. lipolytica,'”
which can be increased to up to 90% of its dry weight.” However, this host has also been shown to be
suitable for non-lipid products, e.g. terpenoids such as carotenoids and polyketides like flavonoids.* For
the production of these molecules, fat-free strains have been engineered that lack the essential genes
for storage lipid production.””’

Oleaginous yeasts, such as Y. lipolytica, can accumulate at least 20% of their dry weight as lipids in wild-type
strains. One of the primary triggers for lipid production is nitrogen starvation. Nitrogen limitation (high C/N
ratio) induces adenosine monophosphate (AMP) depletion by AMP deaminase, which inhibits the isocitrate
dehydrogenase of the tricarboxylic acid (TCA) cycle. This inhibition leads to an excess of citrate in the
mitochondria, which is transported into the cytosol by malate/citrate transferase. In the cytosol, citrate is
cleaved to form acetyl-coenzyme A (CoA) by ATP-citrate lyase and is further converted to fatty acids.’

Together with the carbon source, the nitrogen source is one of the main cost factors in the media of large-
scale cultivation.” The most widely used nitrogen source in microbial cultivation is ammonium sulfate,
produced by sulfuric acid treatment of ammonia. Industrial ammonia production is mostly via the
energy- and carbon-intense Haber-Bosch process that fixes nitrogen with hydrogen at high temperature
and pressure. '’

Urea is an interesting alternative that is more sustainable since it can be extracted from urine, and cost
calculations showed a lower cost per mol nitrogen for urea than that for ammonium sulfate."" In addition,
urea can be produced from municipal solid waste in an economical and environmental way.'” In contrast to
ammonium sulfate, urea utilization does not acidify the media, which requires less base addition during pH-
controlled large-scale cultivation. However, changing the media composition can affect cell behavior and
the production performance of microorganisms.'*' In Y. lipolytica, the nitrogen source was also linked to
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Figure 1. Comparison of ammonium and urea assimilation

Ammonium is transported into the cell and deprotonates to ammonia which is further metabolized to glutamate and
glutamine. The additional proton is transported out of the cell under the consumption of ATP. Urea is transported into the
cell and converted to two ammonia and carbon dioxide, consuming one ATP.

To further understand the cells’ reaction to different nitrogen sources, it is not enough to limit observation
to single parameters (e.g., lipid content, hyphenation, and growth rate); we need to monitor the cell as a
whole. One approach for studying cell behavior on a genome-wide level is transcriptomic analysis.
Transcriptomics maps the abundance of all mMRNA molecules of a cell (i.e. the transcriptome), thereby
determining the total gene expression. Comparison between different conditions can then reveal changes
in cell behavior.

In this study, we performed transcriptomic analysis of Y. lipolytica cultivations where we varied three
variables: (a) we used three strains differing in their lipid accumulation ability; (b) cultivated in either carbon-
or nitrogen-limiting conditions; (c) with urea or ammonium sulfate as nitrogen source. With this
experimental setup, we aimed to investigate whether a response to the nitrogen source might differ
depending on the amount of lipid accumulation.

RESULTS

From the Y. lipolytica genome, potential homologs could be identified to reconstruct the ammonium and
urea assimilation pathways. The pathways are not dissimilar from the model yeast Saccharomyces cerevi-
siae, indicating a conserved mechanism, although the number of homologous genes occasionally differed
(e.g. DUR3, Table S1). Briefly, ammonium and urea are transported into the cell by MEP1,2,3 and DURS,
respectively (Figure 1). Ammonium dissociates into ammonia, and the released proton is transported
back into the medium by the plasma membrane H"-ATPase (PMA1) under the consumption of one ATP
per proton.w8 Urea is converted into two ammonia molecules by a urea amidolyase (Dur1_2). DUR1_2 is
a multifunctional enzyme with urea carboxylase and allophanate hydrolase activity. The first activity is
biotin-dependent and converts urea into allophanate under the consumption of one ATP and bicarbonate.
The second activity consumes water and releases CO, and two ammonia molecules, making this process
more energy efficient than the usage of ammonium from the media.'” Ammonia is then incorporated
into glutamate and glutamine by the NADP-dependent glutamate dehydrogenase (GDH1) and glutamine
synthetase (GLN1), respectively. Glutamate and glutamine both serve as the starting points for amino acid
production. In addition, glutamate can be converted back by the NAD-dependent glutamate dehydroge-
nase (GDH2) to ammonia and a-ketoglutarate, which links the nitrogen metabolism to the TCA cycle.”® The
gene expression of both nitrogen pathways has been shown to be regulated by the available nitrogen

source in S. cerevisiae.”??

Cell physiology does not change with urea compared to ammonium sulfate as a nitrogen
source

We investigated the effect of urea versus ammonium sulfate as a nitrogen source in three different
Y. lipolytica strains. The strain OKYLO49 is a genetically engineered obese strain carrying DGAT overex-
pression (YALIT_E38810g) and arel deletion (YALI1_FO‘?7479).73 The strain JFYL007,”* also referred to
as Q4 strain, is incapable of synthesizing the storage lipid triacylglycerol or sterol esters due to the
deletion of four genes, Aarel (YALI1_F09747g), Alro1 (YALI1_E20049g), Adgal (YALI1_E38810g),
and Adga2 (YALI1_D10264g).> OKYL029?® has no modifications of the lipid production and displays
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Table 1. Physiological changes of the strains in different C/N ratios and nitrogen sources

OKYL029 OKYL049 JFYLOO7

C/N ratio N-source 3 116 3 116 3 116
Biomass (g/L) AS 35+02 20+ 03 3.6 £ 0.1 2.2 +0.1° 3.5+ 0.1 1.3 £ 01

u 37+03 1.7 £ 01 3.5+ 0.1 1.8 +£0.2° 3.8+0.0 1.4+ 04
Lipid content (%) AS 27 £ 05 85+ 0.6 25+ 0.1 121+ 1.6 24 +04 59+ 0.9

U 2.6 +0.3 98 +1.7 28+ 1.0 10.2 £ 1.3 22 +0.1 78+ 1.5
Biomass yield (gCDW/gGlucose) AS 0.46 £+ 0.03 0.48 £+ 0.06 0.48 £+ 0.01 0.36 £+ 0.01 0.47 £+ 0.02 0.44 £+ 0.04

u 0.50 £+ 0.03 0.42 £+ 0.02 0.47 £ 0.01 0.42 + 0.04 0.51 £ 0.01 0.36 £ 0.10
Lipid yield (gLipid/gGlucose) AS 1.2+ 0.3 41+ 05 1.2 + 0.1 43 + 0.6 1.1+ 0.2 2.6 + 0.7

U 1.3+0.2 42 + 08 1.3+ 05 43+ 09 1.1+ 0.0 29+ 11
r-Glucose AS 0.23 £ 0.01 0.22 £ 0.02 0.22 £ 0.01 0.29 + 0.01 0.22 £ 0.01 0.24 £+ 0.02

U 0.21 £ 0.01 0.25 £ 0.02 0.23 £ 0.01 0.26 + 0.02 0.20 £ 0.01 0.31 £ 0.10

Displayed is the mean + SD of at least three replicates. Significance was calculated between the two nitrogen sources ammonium sulfate (AS) and urea (U), with a
two-tailed homoscedastic t-test.
®Indicates a significant change (p value <0.01) between the ammonium sulfate and urea conditions.

a wild-type lipid phenotype. In all strains, hyphae formation was abolished by deleting MHY1
(YALI1_B28150g) to ease the bioreactor cultivations and ensure similar cell morphology despite different
culturing conditions.”®

We performed chemostat cultivations at a dilution rate of 0.1 in a minimal medium under carbon or
nitrogen limitation (C/N ratio 3 or 116) with urea or ammonium sulfate as equimolar nitrogen sources.
The pH was maintained at a value of 5 by the addition of potassium hydroxide. In contrast to ammonium
sulfate, urea requires significantly less base addition during cultivation (Figure S1), which can further lower
process costs.

The cell physiology was largely unaffected by the nitrogen source in our chemostat cultivations (Table 1).
The nitrogen assimilation from ammonium sulfate has a higher cost (1 ATP per ammonia) compared to urea
(V2 ATP per ammonia). We reasoned that this might have an impact on the biomass, lipid content, their cor-
responding yields, or the specific uptake rate of glucose (r-Glucose). However, only the obese strain
(OKYL049) showed significant changes in biomass in nitrogen limitation. The other strains showed no
statistically significant changes (p value <0.01) in any of the measured parameters between ammonium sul-
fate and urea.

To investigate whether the nitrogen source affects the fatty acid composition, we performed lipid
extraction and converted the fatty acid chains of all lipids into fatty acid methyl esters (FAME). We then
analyzed the distribution of the five most dominant fatty acids: palmitic acid (C16:0), palmitoleic acid
(C16:1), stearic acid (C18:0), oleic acid (C18:1), and linoleic acid (C18:2) (Table 2).

The fatty acid composition is often of interest when Y. lipolytica is applied to produce lipid derivatives, e.g.
food oils.?® In these cases, nitrogen starvation is used to trigger lipid production to achieve high lipid titers.
Under nitrogen-limiting conditions, the obese strain (OKYL049) showed significant changes in C16:0 and
C18:2 between the two nitrogen sources. In addition, we observed a significant change toward lower
saturation and longer chain length (C16/C18) in urea compared to ammonium sulfate. The storage-lipid-
free Q4 strain (JFYLOO7) showed significant changes in the C18:0 and C18:1, which did not result in an
overall significant change in saturation or chain length of the fatty acids.

Under carbon-limiting conditions (C/N ratio 3), storage lipid production is not triggered and the three
strains have a similar lipid content. Therefore, most of the extracted fatty acids are expected to originate
from phospholipids (mostly lipid membranes) and free fatty acids. Under this condition, we observed a
significant change between urea and ammonium sulfate in C16:1 and C18:1 for the strains OKYL029 and
JFYLOO?. For the latter, we also found a significant change toward longer chain length in urea compared
to ammonium sulfate. We did not observe any significant changes under carbon limitation in the obese
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Table 2. Changes in the strains’ fatty acid composition (% of total fatty acid) in different C/N ratios and nitrogen sources

OKYL029 OKYL049 JFYLOO7
C/N ratio N-source 3 116 3 116 3 116
C16:0 (%) AS 95+ 05 155 £ 15 9.0 + 0.1 16.7 £ 0.2 8.4+ 03 17.7 £ 11
U 88 £ 0.2 143 £ 05 103 £ 27 13.6 + 0.6° 83102 18.0 £ 0.4
C16:1 (%) AS 7.8 £0.2° 72 +£02 7.7 £ 0.7 58+ 04 10.9 £+ 0.5° 9.8 £ 0.8
U 9.2 £0.2° 7.0 £ 06 8.6 +0.7 55+ 0.2 124 £ 0.2° 105+ 0.2
C18:0 (%) AS 1.1£0.2 6.0 £ 0.7 3.8+ 0.1 10.4 £ 0.7 0.3 £ 0.1 1.7 £ 0.1°
U 0.8 £ 0.1 47 £03 34+04 9.6 £03 0.2 £00 22 £0.1°
C18:1 (%) AS 49.9 £+ 0.3° 479 £ 1.4 540 £ 1.9 54.1 + 0.7 43.3 £ 1.0° 17.9 + 0.5°
U 47.7 +1.2° 496 £ 1.4 529 + 23 54.4 + 0.2 40.6 + 0.3° 16.1 £ 0.3°
C18:2 (%) AS 31.7 £ 0.7 234 £33 255+ 1.4 13.1 £ 1.2° 37.1 £ 0.8 52.9 + 0.1
u 335+12 245+ 1.0 248 + 3.8 16.9 + 1.1° 385+ 0.3 532+ 06
Saturated/Unsaturated AS 0.12 £+ 0.01 0.27 £+ 0.04 0.15 £+ 0.00 0.37 + 0.02° 0.10 £ 0.00 0.24 £+ 0.02
U 0.11 + 0.00 0.23 + 0.00 0.16 + 0.03 0.30 + 0.02° 0.09 + 0.00 0.25 £+ 0.01
C16/C18 AS 0.21 £ 0.01 0.29 + 0.02 0.20 + 0.01 0.29 + 0.00° 0.24 + 0.00° 0.38 £+ 0.01
U 0.22 + 0.00 0.27 + 0.02 0.23 + 0.03 0.24 + 0.017 0.26 + 0.00° 0.40 £ 0.01

Displayed is the mean + SD of at least three replicates. Significance was calculated between the two nitrogen sources ammonium sulfate (AS) and urea (U), with a
two-tailed homoscedastic t-test.
®Indicates a significant change (p value <0.01) between the ammonium sulfate and urea conditions.

strain (OKYLO49) between the nitrogen sources. Overall, these results indicate that the fatty acid compo-
sition of the storage lipids (mostly triacylglycerol) can be slightly influenced by the nitrogen source, while
the membrane and free fatty acid composition are not consistently affected throughout all three strains.

As a next step, we performed RNA-seq analysis to probe whether any transcriptional changes occurred that
might influence the phenotype beyond our measured parameters.

Genotype and C/N ratio dominate transcriptional changes

A principal component analysis (PCA) was first performed to assess overall similarities and dissimilarities
between the expression profiles of the samples (Figure 2).

In each of the conditions and strains, the replicates clustered well together, demonstrating the reproduc-
ibility of the experimental setup. We found that the nitrogen source (Figure 2A) only resulted in minor
separation across the samples. Meanwhile, as the C/N ratio severely affected cell physiology (e.g. lipid
content, Table 1), this also significantly separated the samples in the PCA, with PC1 explaining 59% of
the variance. Cell physiology was further affected by the strain genotype, primarily in nitrogen limitation
(C/N ratio 116), which was reflected in the triacylglycerol-free strain separating further away from the other
two strains. In carbon limitation (C/N ratio 3), the strains showed only minor variance, indicating that the
choice of nitrogen source has little effect on gene expression when available in copious amounts. Overall,
these results showed that the C/N ratio resulted in the biggest differences between samples while the ni-
trogen source only attributed to minor variance.

Gene ontology analysis revealed no coherent systemic response to the nitrogen source

To probe whether a systemic regulatory response could be observed, we performed gene ontology (GO)
term analysis and compared the resulting GO terms in a heatmap to identify GO terms that are relevant in
multiple strains and conditions (Figures S2-54).

Similar to the results of differentially expressed genes, we only found a few GO terms that were identified in
multiple strains and conditions. We did not find any GO term shared between all six comparisons (three
strains and two C/N ratios). For carbon limitation, we identified three GO terms that were found in all three
strains: protein-macromolecule adaptor activity, copper ion binding, and yeast-form cell wall. For nitrogen
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Figure 2. Principal component analysis (PCA) plot of RNA-seq samples

The panels display the same PCA result, but samples are labeled differently based on either (A) nitrogen source, (B) C/N ratio, or (C) strain. PCA analysis was
performed with log2 count per million, after removing low count genes and normalizing gene counts between samples with trimmed mean of M values
(TMM) method.

limitation, we identified two GO terms that were found in all strains: heme binding and aldehyde dehydro-
genase (NAD") activity. We could not directly link these GO terms to urea or ammonium sulfate. While
various GO terms were seemingly somewhat enriched in some of the conditions, we could not deduce
any coherent systemic response to the nitrogen source. Instead, we compared the differential expression
of individual genes to catalog those that showed consistent regulation across strains and/or conditions.

Urea is an alternative nitrogen source without a significant impact on the cell physiology or
transcriptome

We performed differential gene expression analysis to identify genes that are significantly (adjusted p value
<0.05) differentially expressed (DE) (absolute fold change >1) as an effect of the different nitrogen sources
and visualized them in a network plot (Figure 3). The most interesting clusters are circled, and their genes are
listed in Table S2. A coherent response to nitrogen source irrespective of lipid accumulating capability would
be represented by those genes that are DE in all strains and nutrient limitations (cluster A). Cluster A only
contained two upregulated genes, of which YALI1_C01505g encodes a protein of unknown function, and
YALI1_A01298g is an endoplasmic reticulum-based factor for assembling V-ATPase-domain-containing protein
with similarity to VPH2 of S. cerevisiae, which is required for the assembly of the V-ATPase. This upregulation
could reflect an increased need to acidify some cell organelles to maintain pH homeostasis,”” which could be
linked to ammonium sulfate assimilation yielding one H* per ammonia (Figure 1).

Since the C/N ratios had a significant impact on the overall gene expression (Figure 2B), we were also
interested in the clusters of DE genes that shared a coherent response in all three strains under the
same condition (carbon or nitrogen limitation) (cluster B and C). Cluster B only contained three uncharac-
terized proteins, and cluster C contained two uncharacterized proteins as well as an S-(hydroxymethyl)
glutathione dehydrogenase (YALI1_F13170g).

As the Q4 strain (JFYLOO7) showed a very different behavior in contrast to the other two strains (Figure 2C
and Table 1), we further inspected the clusters of genes that shared a coherent response across the more
similar strains, OKYL029 and OKYL049, in the same conditions (cluster D and E). 16 of the 21 genes of
clusters D and E were uncharacterized proteins. For the remaining proteins, we could not reconcile a
coherent response to the change in nitrogen source.

In summary, the low variance identified in the PCA, the low number of DE genes, and the low overlap between
them indicate that the nitrogen source (urea or ammonium) has minimal effect on the overall transcriptome.

Genes associated with urea transport and degradation are not significantly induced by urea
compared to ammonium sulfate
We further explicitly investigated if the expression of genes directly associated with urea metabolism are

nitrogen source dependent (Figure 4). Y. lipolytica has three genes that are annotated as homologs of urea
amidolyases (YALI1_B19217g, YALI1_E08620g, and YALI1_E41754g). However, none showed a significant
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Displayed are the significant (adjusted p value <0.05) differentially (absolute fold change >1) expressed genes of each strain and C/N ratio in urea compared

to ammonium sulfate. Numbers indicate the number of down-/up-regulated genes. Clusters A to E contain groups of genes of special interest as discussed

in the results. The UniProt protein function of the corresponding genes is listed on the right-hand side. A full list including gene names can be found in

Table S2. For visualization, the DiVenn web tool was used.”®

(adjusted p value 0.05) different expression between the two nitrogen sources in either of the tested C/N
ratios. There are four genes with homology to the S. cerevisiae urea transporter DUR3 (YALI1_B05609g,
YALI1_C22751g, YALI1_E33888g, and YALI1_E39848g). Gene expression data from two of them
(YALI1_C22751g and YALI1_E33888g) were removed during the filtering step because gene counts were
too low (both have a lower protein sequence similarity to ScDUR3 than the other homologs). Of the
remaining two genes, we only observed a significantly different expression for YALI1_B05609g. Cultivation
at C/N ratio 116 with urea instead of ammonium sulfate increased expression of this gene by 2.22- and 2.85-
fold in the OKYL029 and OKYL049 strains, respectively. A similar trend was found for the ammonium
transporter and ammonium permeases. Six genes have homology to S. cerevisiae MEP1,2,3. Also here,
gene expression data from two of the genes were removed during filtering (YALI1_A02653g and
YALI1_A20201g), while three other genes did not show any significant different expression
(YALI1_E32180g, YALI1_F173379g, and YALI1_F225689) in any strain or C/N ratio. Only YALI1_B18292g
showed a modest 0.57-fold increase in strain OKYL049 in carbon limitation (C/N ratio 3). The V-ATPase
PMA1 (YALI1_B28659g) that is mainly responsible for the regulation of pH homeostasis was not DE in
any strain under any condition. None of the four genes involved in the glutamine pathway
(YALI1_FO0821g, YALI1_B26112g, YALI1_F23664g, and YALI1_E11943g) showed a significantly different

expression.

These results indicate that none of the urea amidolyase, the urea or ammonium transporters, or genes of
the glutamine pathway are induced by the presence of urea or ammonium on a transcriptome level in

Y. lipolytica.

DISCUSSION

Most Y. lipolytica metabolic engineering studies have relied on the use of ammonium sulfate as a nitrogen
source. While it can be argued that urea is an economically and environmentally attractive alternative ni-
trogen source,'? it would be detrimental if the cellular response to the use of urea would undermine the
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Figure 4. Influence of urea as nitrogen source compared to ammonium sulfate on the expression of the urea metabolic pathway genes
Displayed are potential homologous Y. lipolytica genes and their expressional change when comparing the use of ammonium sulfate versus urea as a
nitrogen source. The genes were identified from different sources, as listed in Table S1. Genes marked with x have been removed during the filtering of the
gene counts; genes marked with/did not show any significant (adjusted p value <0.05) change between the nitrogen sources.

significant process that has been made to develop Y. lipolytica as a promising microbial cell factory. In that
light, it has been reassuring to observe that a thorough analysis with diverse lipid phenotypes and cultiva-
tion conditions revealed no significant differences in the cell physiology or transcriptome upon the use of
urea instead of ammonium sulfate. Previous studies have found significant differences in gene expression
when using a simple nitrogen source (ammonium sulfate) and a complex nitrogen source (peptone plus
yeast extract).”” We did not find major expression changes in our comparison of ammonium sulfate and
urea, suggesting that the organic nitrogen source urea is very similar to the simple inorganic nitrogen
source ammonium sulfate, and the difference in assimilation energetics does not majorly impact cell
growth. Other studies that used urea as a nitrogen source in Y. lipolytica before did not report any growth
differences”® or an improvement of growth in urea compared to other nitrogen sources.'' In addition, first
experiments using synthetic and real human urine as nitrogen source for the cultivation of Y. lipolytica
showed promising results with similar growth and biomass formations compared to ammonium sulfate,

highlighting the future potential of urea as a nitrogen source.'’

The minor changes observed in the fatty acid profile under carbon limitation (C/N ratio 3) most likely derive from
changes in membrane fatty acids composition, changes that become visible when the contribution of the stor-
age lipids (triacylglycerols or sterol esters) to the lipid content is very low. These changes could be a stress
response aimed at adjusting membrane fluidity®® and connected to the acidification process of ammonium
assimilation. However, we did not observe this change in the obese strain OKYL049. In addition, we did not
find overall changes in the saturation or chain length of the fatty acids in any of the strains in carbon limitation.

A previous study reported a change in the fatty acid profile when OKYL029 was cultivated with urea in
nitrogen-limiting conditions compared to ammonium sulfate.”” Under this condition, we only observed
a change in the fatty acid profile for the obese strain OKYL049. However, the observed trends in saturation
and fatty acid chain length were inverted compared to the previous study. The previously reported change
in fatty acid profile was possibly due to a pH change throughout the shake flask cultivation,*’ instead of the
assimilation of urea per se. Because the ammonium metabolism is acidifying the media, the pH at the end
of the cultivation might have been different in cultures with ammonium sulfate compared to urea. Our
chemostat cultures were pH-controlled, preventing any influence of different pH. In additon, it is
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noteworthy that the changes in the fatty acid profile due to the nitrogen source are minor compared to the
changes introduced by genetic engineering to increase lipid production (OKYL029 vs OKYL049). Further-
more, these changes (overexpression of DGA1 and Aare1) did not aim to modify the fatty acid profile, while
multiple studies have shown that targeted engineering e.g. of the desaturases can massively alter the fatty
acid profile.?**?3% Qur results show that urea can be used as a drop-in nitrogen source instead of ammo-
nium sulfate without massively altering the storage lipid profile.

Urea is converted in a one-enzyme two-step reaction to ammonium and further to glutamate and gluta-
mine. Yeast cells have pathways to regulate nitrogen metabolism, which are often sensed by measuring
the cellular glutamine level.** Because we did not observe any significant changes in gene regulation
downstream of glutamate, the glutamine level is likely unaffected by ammonium sulfate or urea as nitrogen
sources.

Therefore, the minimal overall transcriptomic changes were anticipated and confirmed by only small over-
laps of DE genes of different strains and conditions. The number of uncharacterized proteins shows the
limitation of omics approaches for unconventional organisms. However, with increasing numbers of studies
conducted in Y. lipolytica and advancements in protein function prediction, we expect this limitation to
reduce gradually.

The near absence of transcriptional induction of any genes directly related to ammonium and urea trans-
port and urea conversion was not anticipated. In Candida albicans, the urea transporter DUR3 is highly
induced by the presence of urea on a transcriptional level.* In S. cerevisiae DUR3 and the urea amidolyase
DUR1,2 are induced by the intermediate of the multifunctional enzyme Dur1,2p, allophanate.’® We only
observed a significant upregulation of one of the four genes homolog to DUR3. This indicates that
YALI1_B05609g is the functional homolog of DUR3 with a similar regulation as in related yeast species.
However, this upregulation was only observed in nitrogen limitation and not in carbon limitation condi-
tions, in which the initial urea concentration was higher (2.4 g/L versus 0.21 g/L urea in nitrogen limitation).
This indicates that the upregulation of DUR3 might be intertwined with the transcriptional response to
nitrogen limitation.

Taken together, our physiological data and transcriptomics analysis show that the cell behavior in urea is
very comparable to that in ammonium sulfate. Urea is an economically and environmentally attractive
nitrogen source that does not acidify the media and requires low base addition during cultivation, further
reducing the costs of the process. These findings can open the way for future studies and industrial
applications using urea as a sustainable alternative nitrogen source in Y. lipolytica.

Limitation of the study

A limitation of transcriptomic studies in unconventional yeasts is the high amount of uncharacterized genes
and proteins. Most of the DE genes identified in this study are uncharacterized. We anticipate that the
knowledge gap between conventional and unconventional yeasts will be reduced over the next years,
allowing for further insights that are currently out of reach.

In addition, this study is based on transcriptomics analysis and does not take posttranslational modification
andregulation into account. Furthermore, we only conducted the study in chemostats with a dilution rate of
0.1. It is possible that the cell behavior could change at different dilution rates.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
® RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
® EXPERIMENTAL MODEL AND SUBJECT DETAILS
O Yeast strains
O Bioreactor and chemostat cultivation

8 iScience 25, 105703, December 22, 2022

iScience



¢? CellPress

OPEN ACCESS

iScience

e METHOD DETAILS
O Lipid extraction and quantification
O Extracellular metabolite analysis
O RNA extraction and sequencing
o QUANTIFICATION AND STATISTICAL ANALYSIS
O Differential gene expression analysis
e DATA AND CODE AVAILABILITY

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/j.isci.2022.105703.

ACKNOWLEDGMENTS

The authors would like to thank Joakim Norbeck for discussions and feedback during the project. The au-
thors acknowledge support from the National Genomics Infrastructure in Stockholm funded by Science for
Life Laboratory, the Knut and Alice Wallenberg Foundation and the Swedish Research Council, and SNIC/
Uppsala Multidisciplinary Center for Advanced Computational Science for assistance with massively paral-
lel sequencing and access to the UPPMAX computational infrastructure. The computations were enabled
by resources provided by the Swedish National Infrastructure for Computing (SNIC) at Chalmers Center for
Computational Science and Engineering (C3SE) partially funded by the Swedish Research Council through
grant agreement no. 2018-05973. This research was funded by the Novo Nordisk Foundation [grant
NNF10CC1016517], Research Council for Environment, Agricultural Sciences, and Spatial Planning (For-
mas) [grant 2018-00597], and the Swedish Research Council (VR) [grant 2019-04624].

AUTHOR CONTRIBUTIONS

S.Z. and O.K. contributed equally to the work. Conceptualization, S.Z., O.K., and E.J.K.; Methodology, S.Z.,
O.K., and J.F.; Formal Analysis, S.Z,; Investigation, 5.Z. and O.K.; Data Curation, S.Z.; Writing — Original Draft,
O.K.; Writing — Review & Editing, O.K., S.Z., and E.J.K;; Visualization, S.Z. and O.K.; Funding Acquisition, E.J.K.

DECLARATION OF INTERESTS

The authors have no conflicts of interest to declare.

Received: September 9, 2022
Revised: October 28, 2022
Accepted: November 28, 2022
Published: December 22, 2022

REFERENCES

1. Papanikolaou, S., and Aggelis, G. (2010).

Yarrowia lipolytica: a model microorganism
used for the production of tailor-made lipids.
Eur. J. Lipid Sci. Technol. 112, 639-654.
https://doi.org/10.1002/ejlt.200900197.

. Zeng, S., Liu, H., Shi, T., Song, P., Ren, L.,
Huang, H., and Ji, X. (2018). Recent advances
in metabolic engineering of Yarrowia
lipolytica for lipid overproduction. Eur. J.
Lipid Sci. Technol. 120, 1700352. https://doi.
org/10.1002/ejlt.201700352.

. Blazeck, J., Hill, A,, Liu, L., Knight, R., Miller, J.,
Pan, A., Otoupal, P., and Alper, H.S. (2014).
Harnessing Yarrowia lipolytica lipogenesis to
create a platform for lipid and biofuel
production. Nat. Commun. 5, 3131. https://
doi.org/10.1038/ncomms4131.

. Muhammad, A, Feng, X., Rasool, A., Sun, W.,
and Li, C. (2020). Production of plant natural
products through engineered Yarrowia
lipolytica. Biotechnol. Adv. 43, 107555. https://
doi.org/10.1016/j.biotechadv.2020.107555.

. Beopoulos, A., Haddouche, R., Kabran, P.,

Dulermo, T., Chardot, T., and Nicaud, J.-M.
(2012). Identification and characterization of
DGA2, an acyltransferase of the DGAT1 acyl-
CoA:diacylglycerol acyltransferase family in
the oleaginous yeast Yarrowia lipolytica. New
insights into the storage lipid metabolism of
oleaginous yeasts. Appl. Microbiol.
Biotechnol. 93, 1523-1537. https://doi.org/
10.1007/500253-011-3506-x.

. Beopoulos, A., Verbeke, J., Bordes, F.,

Guicherd, M., Bressy, M., Marty, A., and
Nicaud, J.-M. (2014). Metabolic engineering
for ricinoleic acid production in the
oleaginous yeast Yarrowia lipolytica. Appl.
Microbiol. Biotechnol. 98, 251-262. https://
doi.org/10.1007/s00253-013-5295-x.

. Gu, Y., Ma, J,, Zhu, Y., and Xu, P. (2020).

Refactoring ehrlich pathway for high-yield
2-phenylethanol production in Yarrowia
lipolytica. ACS Synth. Biol. 9, 623-633.
https://doi.org/10.1021/acssynbio.9b00468.

1.

. Wang, J., Ledesma-Amaro, R., Wei, Y., Ji, B.,

and Ji, X.-J. (2020). Metabolic engineering for
increased lipid accumulation in Yarrowia
lipolytica — a review. Bioresour. Technol. 313,
123707. https://doi.org/10.1016/j.biortech.
2020.123707.

. Vasconcelos, B., Teixeira, J.C., Dragone, G.,

and Teixeira, J.A. (2019). Oleaginous yeasts
for sustainable lipid production—from
biodiesel to surf boards, a wide range of
"green” applications. Appl. Microbiol.
Biotechnol. 103, 3651-3667. https://doi.org/
10.1007/s00253-019-09742-x.

. Wang, M., Khan, M.A., Mohsin, |., Wicks, J.,

Ip, A.H., Sumon, K.Z., Dinh, C.-T., Sargent,
E.H., Gates, I.D., and Kibria, M.G. (2021). Can
sustainable ammonia synthesis pathways
compete with fossil-fuel based Haber-Bosch
processes? Energy Environ. Sci. 14, 2535-
2548. https://doi.org/10.1039/DOEE03808C.

Brabender, M., Hussain, M.S., Rodriguez, G.,
and Blenner, M.A. (2018). Urea and urine are a

iScience 25, 105703, December 22, 2022 9


https://doi.org/10.1016/j.isci.2022.105703
https://doi.org/10.1002/ejlt.200900197
https://doi.org/10.1002/ejlt.201700352
https://doi.org/10.1002/ejlt.201700352
https://doi.org/10.1038/ncomms4131
https://doi.org/10.1038/ncomms4131
https://doi.org/10.1016/j.biotechadv.2020.107555
https://doi.org/10.1016/j.biotechadv.2020.107555
https://doi.org/10.1007/s00253-011-3506-x
https://doi.org/10.1007/s00253-011-3506-x
https://doi.org/10.1007/s00253-013-5295-x
https://doi.org/10.1007/s00253-013-5295-x
https://doi.org/10.1021/acssynbio.9b00468
https://doi.org/10.1016/j.biortech.2020.123707
https://doi.org/10.1016/j.biortech.2020.123707
https://doi.org/10.1007/s00253-019-09742-x
https://doi.org/10.1007/s00253-019-09742-x
https://doi.org/10.1039/D0EE03808C

¢? CellPress

20.

21.

22.

10

OPEN ACCESS

viable and cost-effective nitrogen source for
Yarrowia lipolytica biomass and lipid
accumulation. Appl. Microbiol. Biotechnol.
102, 2313-2322. https://doi.org/10.1007/
s00253-018-8769-z.

. Antonetti, E., laquaniello, G., Salladini, A.,

Spadaccini, L., Perathoner, S., and Centi, G.
(2017). Waste—to—chemicals for a circular
economy: the case of urea production
(waste—to-urea). ChemSusChem 10, 912-920.
https://doi.org/10.1002/cssc.201601555.

. Fickers, P., Nicaud, J.M., Gaillardin, C.,

Destain, J., and Thonart, P. (2004). Carbon
and nitrogen sources modulate lipase
production in the yeast Yarrowia lipolytica.
J. Appl. Microbiol. 96, 742-749. https://doi.
org/10.1111/j.1365-2672.2004.02190.x.

. Albers, E., Larsson, C., Lidén, G., Niklasson,

C., and Gustafsson, L. (1996). Influence of the
nitrogen source on Saccharomyces cerevisiae
anaerobic growth and product formation.
Appl. Environ. Microbiol. 62, 3187-3195.
https://doi.org/10.1128/aem.62.9.3187-
3195.1996.

. Evans, C.T., and Ratledge, C. (1984). Effect of

nitrogen source on lipid accumulation in
oleaginous yeasts. Microbiology 130, 1693
1704. https://doi.org/10.1099/00221287-130-
7-1693.

. Yang, P., Chen, Y., and Gong, A.D. (2021).

Development of a defined medium for
Corynebacterium glutamicum using urea as
nitrogen source. 3 Biotech 11, 405. https://
doi.org/10.1007/513205-021-02959-6.

. Ruiz-Herrera, J., and Sentandreu, R. (2002).

Different effectors of dimorphism in Yarrowia
lipolytica. Arch. Microbiol. 178, 477-483.
https://doi.org/10.1007/s00203-002-0478-3.

. Milne, N., Luttik, M.A.H., Cueto Rojas, H.F.,

Wabhl, A., van Maris, A.J.A., Pronk, J.T., and
Daran, J.M. (2015). Functional expression of a
heterologous nickel-dependent, ATP-
independent urease in Saccharomyces
cerevisiae. Metab. Eng. 30, 130-140. https://
doi.org/10.1016/j.ymben.2015.05.003.

. Zhao, J., Zhu, L., Fan, C., Wu, Y., and Xiang, S.

(2018). Structure and function of urea
amidolyase. Biosci. Rep. 38. BSR20171617.
https://doi.org/10.1042/BSR20171617.

Trotter, P.J., Juco, K., Le, H.T., Nelson, K.,
Tamayo, L.I., Nicaud, J.M., and Park, Y.K.
(2020). Glutamate dehydrogenases in the
oleaginous yeast Yarrowia lipolytica. Yeast
37, 103-115. https://doi.org/10.1002/
yea.3425.

Marini, A.M., Soussi-Boudekou, S., Vissers, S.,
and Andre, B. (1997). A family of ammonium
transporters in Saccharomyces cerevisiae.
Mol. Cell Biol. 17, 4282-4293. https://doi.org/
10.1128/MCB.17.8.4282.

Hofman-Bang, J. (1999). Nitrogen catabolite
repression in Saccharomyces cerevisiae. Mol.
Biotechnol. 12, 35-73. https://doi.org/10.
1385/MB:12:1:35.

iScience 25, 105703, December 22, 2022

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Konzock, O., Zaghen, S., and Norbeck, J.
(2021). Tolerance of Yarrowia lipolytica to
inhibitors commonly found in lignocellulosic
hydrolysates. BMC Microbiol. 21, 77. https://
doi.org/10.1186/s12866-021-02126-0.

Poorinmohammad, N., Fu, J., Wabeke, B.,
and Kerkhoven, E.J. (2022). Validated growth
rate-dependent regulation of lipid
metabolism in Yarrowia lipolytica. Int. J. Mol.
Sci. 23, 8517. https://doi.org/10.3390/
ijms23158517.

Konzock, O., and Norbeck, J. (2020). Deletion
of MHY1 abolishes hyphae formation in
Yarrowia lipolytica without negative effects on
stress tolerance. PLoS One 15, €0231161.
https://doi.org/10.1371/journal.pone.
0231161.

Konzock, O., Matsushita, Y., Zaghen, S., Sako,
A., and Norbeck, J. (2022). Altering the fatty
acid profile of Yarrowia lipolytica to mimic
cocoa butter by genetic engineering of
desaturases. Microb. Cell Fact. 21, 25. https://
doi.org/10.1186/s12934-022-01748-x.

Forgac, M. (2007). Vacuolar ATPases: rotary
proton pumps in physiology and
pathophysiology. Nat. Rev. Mol. Cell Biol. 8,
917-929. https://doi.org/10.1038/nrm2272.

Sun, L., Dong, S., Ge, Y., Fonseca, J.P.,
Robinson, Z.T., Mysore, K.S., and Mehta, P.
(2019). DiVenn: an interactive and integrated
web-based visualization tool for comparing
gene lists. Front. Genet. 10, 421. https://doi.
0rg/10.3389/fgene.2019.00421.

Pomraning, K.R., Bredeweg, E.L., and Baker,
S.E. (2017). Regulation of nitrogen
metabolism by GATA zinc finger transcription
factors in Yarrowia lipolytica. mSphere 2,
e000388-17. https://doi.org/10.1128/
mSphere.00038-17.

de Kroon, A.l.P.M., Rijken, P.J., and De Smet,
C.H. (2013). Checks and balances in
membrane phospholipid class and acyl chain
homeostasis, the yeast perspective. Prog.
Lipid Res. 52, 374-394. https://doi.org/10.
1016/j.plipres.2013.04.006.

Sekova, V.Y., Dergacheva, D.1., Isakova, E.P.,
Gessler, N.N., Tereshina, V.M., and
Deryabina, Y.I. (2019). Soluble sugar and lipid
readjustments in the Yarrowia lipolytica yeast
at various temperatures and pH. Metabolites
9, 307. https://doi.org/10.3390/
metabo9120307.

Tsakraklides, V., Kamineni, A., Consiglio, A.L.,
MacEwen, K., Friedlander, J., Blitzblau, H.G.,
Hamilton, M.A_, Crabtree, D.V,, Su, A., Afshar,
J., et al. (2018). High-oleate yeast oil without
polyunsaturated fatty acids. Biotechnol.
Biofuels 11, 131. https://doi.org/10.1186/
s13068-018-1131-y.

Liu, Y., Koh, C.M.J., Yap, S.A., Cai, L., and Ji, L.
(2021). Understanding and exploiting the
fatty acid desaturation system in Rhodotorula
toruloides. Biotechnol. Biofuels 14, 73.
https://doi.org/10.1186/513068-021-01924-y.

34.

35.

36.

37.

38.

39.

40.

41.

42.

iScience

Zaman, S., Lippman, S.1., Zhao, X., and
Broach, J.R. (2008). How Saccharomyces
responds to nutrients. Annu. Rev. Genet. 42,
27-81. https://doi.org/10.1146/annurev.
genet.41.110306.130206.

Navarathna, D.H.M.L.P.,, Das, A.,
Morschhauser, J., Nickerson, KW., and
Roberts, D.D. (2011). Dur3 is the major urea
transporter in Candida albicans and is co-
regulated with the urea amidolyase Dur1, 2.
Microbiology 157, 270-279. https://doi.org/
10.1099/mic.0.045005-0.

van Vuuren, H.J., Daugherty, J.R., Rai, R., and
Cooper, T.G. (1991). Upstream induction
sequence, the cis-acting element required for
response to the allantoin pathway inducer
and enhancement of operation of the
nitrogen-regulated upstream activation
sequence in Saccharomyces cerevisiae.

J. Bacteriol. 173, 7186-7195. https://doi.org/
10.1128/jb.173.22.7186-7195.1991.

Marella, E.R., Dahlin, J., Dam, M.I., ter Horst,
J., Christensen, H.B., Sudarsan, S., Wang, G.,
Holkenbrink, C., and Borodina, I. (2020). A
single-host fermentation process for the
production of flavor lactones from non-
hydroxylated fatty acids. Metab. Eng. 67,
427-436. https://doi.org/10.1016/j.ymben.
2019.08.009.

Holkenbrink, C., Dam, M.1., Kildegaard, K.R.,
Beder, J., Dahlin, J., Doménech Belda, D.,
and Borodina, I. (2018). EasyCloneYALI:
CRISPR/Cas9-Based synthetic toolbox for
engineering of the yeast Yarrowia lipolytica.
Biotechnol. J. 13, 1700543. https://doi.org/
10.1002/biot.201700543.

Magnan, C., Yu, J., Chang, I., Jahn, E.,
Kanomata, Y., Wu, J., Zeller, M., Oakes, M.,
Baldi, P., and Sandmeyer, S. (2016). Sequence
assembly of Yarrowia lipolytica strain W29/
CLIB89 shows transposable element
diversity. PLoS One 11, e0162363. https://doi.
org/10.1371/journal.pone.0162363.

Qiao, K., Imam Abidi, S.H., Liu, H., Zhang, H.,
Chakraborty, S., Watson, N., Kumaran
Ajikumar, P., and Stephanopoulos, G. (2015).
Engineering lipid overproduction in the
oleaginous yeast Yarrowia lipolytica. Metab.
Eng. 29, 56-65. https://doi.org/10.1016/].
ymben.2015.02.005.

Ritchie, M.E., Phipson, B., Wu, D., Hu, Y., Law,
C.W., Shi, W., and Smyth, G.K. (2015). Limma
powers differential expression analyses for
RNA-sequencing and microarray studies.
Nucleic Acids Res. 43, e47. https://doi.org/
10.1093/nar/gkv007.

Viremo, L., Nielsen, J., and Nookaew, .
(2013). Enriching the gene set analysis of
genome-wide data by incorporating
directionality of gene expression and
combining statistical hypotheses and
methods. Nucleic Acids Res. 47, 4378-4391.
https://doi.org/10.1093/nar/gkt111.


https://doi.org/10.1007/s00253-018-8769-z
https://doi.org/10.1007/s00253-018-8769-z
https://doi.org/10.1002/cssc.201601555
https://doi.org/10.1111/j.1365-2672.2004.02190.x
https://doi.org/10.1111/j.1365-2672.2004.02190.x
https://doi.org/10.1128/aem.62.9.3187-3195.1996
https://doi.org/10.1128/aem.62.9.3187-3195.1996
https://doi.org/10.1099/00221287-130-7-1693
https://doi.org/10.1099/00221287-130-7-1693
https://doi.org/10.1007/s13205-021-02959-6
https://doi.org/10.1007/s13205-021-02959-6
https://doi.org/10.1007/s00203-002-0478-3
https://doi.org/10.1016/j.ymben.2015.05.003
https://doi.org/10.1016/j.ymben.2015.05.003
https://doi.org/10.1042/BSR20171617
https://doi.org/10.1002/yea.3425
https://doi.org/10.1002/yea.3425
https://doi.org/10.1128/MCB.17.8.4282
https://doi.org/10.1128/MCB.17.8.4282
https://doi.org/10.1385/MB:12:1:35
https://doi.org/10.1385/MB:12:1:35
https://doi.org/10.1186/s12866-021-02126-0
https://doi.org/10.1186/s12866-021-02126-0
https://doi.org/10.3390/ijms23158517
https://doi.org/10.3390/ijms23158517
https://doi.org/10.1371/journal.pone.0231161
https://doi.org/10.1371/journal.pone.0231161
https://doi.org/10.1186/s12934-022-01748-x
https://doi.org/10.1186/s12934-022-01748-x
https://doi.org/10.1038/nrm2272
https://doi.org/10.3389/fgene.2019.00421
https://doi.org/10.3389/fgene.2019.00421
https://doi.org/10.1128/mSphere.00038-17
https://doi.org/10.1128/mSphere.00038-17
https://doi.org/10.1016/j.plipres.2013.04.006
https://doi.org/10.1016/j.plipres.2013.04.006
https://doi.org/10.3390/metabo9120307
https://doi.org/10.3390/metabo9120307
https://doi.org/10.1186/s13068-018-1131-y
https://doi.org/10.1186/s13068-018-1131-y
https://doi.org/10.1186/s13068-021-01924-y
https://doi.org/10.1146/annurev.genet.41.110306.130206
https://doi.org/10.1146/annurev.genet.41.110306.130206
https://doi.org/10.1099/mic.0.045005-0
https://doi.org/10.1099/mic.0.045005-0
https://doi.org/10.1128/jb.173.22.7186-7195.1991
https://doi.org/10.1128/jb.173.22.7186-7195.1991
https://doi.org/10.1016/j.ymben.2019.08.009
https://doi.org/10.1016/j.ymben.2019.08.009
https://doi.org/10.1002/biot.201700543
https://doi.org/10.1002/biot.201700543
https://doi.org/10.1371/journal.pone.0162363
https://doi.org/10.1371/journal.pone.0162363
https://doi.org/10.1016/j.ymben.2015.02.005
https://doi.org/10.1016/j.ymben.2015.02.005
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1093/nar/gkt111

iScience

STARXMETHODS

KEY RESOURCES TABLE

¢? CellPress

OPEN ACCESS

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Potassium hydroxide Avantor, VWR 1.05012.5000

Ammonium sulphate Sigma Aldrich 1012175000

Urea Sigma Aldrich U5128-5kg

D(+)-Glucose monohydrate Avantor, VWR 1.08342.9025

Magnesium sulphate heptahydrate Merck 10034-99-8

Monopotassium phosphate Fisher Scientific 7778-77-0

Iron(ll) sulfate heptahydrate Sigma Aldrich 7782-63-0

Zinc sulfate heptahydrate Sigma Aldrich 7446-20-0

Calcium chloride dihydrate Sigma Aldrich 10035-04-8

Manganese chloride tetrahydrate Sigma Aldrich 13446-34-9

Cobalt(ll) chloride hexahydrate Sigma Aldrich 7791-13-1

Copper(ll) sulfate pentahydrate Sigma Aldrich 7758-99-8

Sodium molybdate dihydrate Sigma Aldrich 10102-40-6

Boric Acid Sigma Aldrich 10043-35-3

Ethylenediaminetetraacetic acid disodium salt Sigma Aldrich 6381-92-6

dihydrate

d-Biotin Sigma Aldrich 58-85-5

d-pantothenic acid hemicalcium salt Sigma Aldrich 137-08-6

Thiamine Hydrochloride Hydrate Sigma Aldrich 67-03-8

Pyridoxine hydrochloride Sigma Aldrich 58-56-0

Nicotinic acid Sigma Aldrich 59-67-6

4-Aminobenzoic acid Sigma Aldrich 150-13-0

myo-Inositol Sigma Aldrich 87-89-8

Glyceryl triheptadecanoate Sigma Aldrich 2438-40-6

Sodium hydroxide Sigma Aldrich 1310-73-2

Methanol Sigma Aldrich 67-56-1

Sulphuric acid Sigma Aldrich 7664-93-9

Hexane Sigma Aldrich 110-54-3

Critical commercial assays

RNeasy Mini Kit Qiagen 74104

RNase-Free DNase Set Qiagen 79254

TruSeq Stranded mRNA lllumina 20020595

Deposited data

Physiological data This paper https://github.com/SysBioChalmers/
Yarrowia_Multifactor

RNA-sequencing raw data This paper ArrayExpress: E-MTAB-11008

Code and read counts for differential gene This paper https://github.com/SysBioChalmers/

expression analysis

Yarrowia_Multifactor

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental models: Organisms/strains

OKYL029 Konzock et al.”” N/A
OKYL049 Konzock et al.”* N/A

JFYLOO7 Poorinmohammad et al.”* N/A

Software and algorithms

DASware® control 5 version 5.30 Eppendorf https://www.eppendorf.com/gb-en/eShop-
Products/Bioprocess/Bioprocess-Software/
DASware-control-p-PF-133797

bcl2fastq_v2.20.0.422 lllumina https://support.illumina.com/downloads/
bcl2fastg-conversion-software-v2-20.htm

RNAseq pipeline Nf-core https://github.com/nf-core/maseq

RStudio version 4.2.1 RStudio https://www.rstudio.com

OmicsBox version 2.0.24 BioBam https://www.biobam.com/omicsbox/

Other

DASGIP® Process Computer Eppendorf 76DGPCR

DASGIP® Bioblock Stirrer Vessels: 1 L Vessel Eppendorf 76SR07000DLS

DASGIP® Bioblock Eppendorf 76DGTBLOCK

DASGIP® MX Modules for TMFC Gas Mixing Eppendorf 76DGMX44H

DASGIP® MP8 Multi Pump Modules Eppendorf 76DGMP8X

DASGIP® TC4SC4 for Temperature and Eppendorf 76DGTCASCAB

Agitation Control

DASGIP® PH4PO4 for Monitoring of pH, DO, Eppendorf 76DGPH4PO4

Redox and/or Level

DASGIP® GA for Exhaust Analysis Eppendorf 76DGGATEX

DO sensors Eppendorf 78108026

pH sensors Eppendorf 76DGPHMTI220

Thermo Scientific Trace 1310 Thermo Scientific https://www.thermofisher.com/order/catalog/
product/CL2GAS000001

Thermo Scientific ISQ LT Thermo Scientific https://www.thermofisher.com/order/catalog/
product/ISQEC000IC

ZBFAME column Phenomenex 7FD-G033-05

UltiMate® 3000 Dionex N/A

Aminex® HPX-87H ion exclusion column Bio-Rad 1250140

2100 Bioanalyzer Agilent Technologies G2939BA

NovaSeq 6000 lllumina N/A

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Eduard Kerkhoven (eduardk@chalmers.se).

Materials availability

Yeast strains used in this study are available from the lead contact with a completed Materials Transfer
Agreement.

Data and code availability

® RNA-seq data have been deposited on ArrayExpress (ArrayExpress: E-MTAB-11008) and are publicly
available as of the date of publication. Accession numbers are listed in the key resources table.
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o All original code has been deposited on GitHub (https://github.com/SysBioChalmers/Yarrowia_Multifactor)
and is publicly available as of the date of publication. DOls are listed in the key resources table.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Yeast strains

All strains in this study are derived from the Yarrowia lipolytica strain ST6512.%” ST6512 was derived from the
W29 background strain (Y-63746 from the ARS Culture Collection, Peoria, USA; a.k.a. ATCC20440/
CBS7504) and has been engineered to harbour a KU70::Cas9-DsdA to allow marker-free genomic engi-
neering using EasyCloneYALI toolbox.”™ OKYL029 (ST6512 Amhy1) carries MHY1 deletion to prevent
stress-induced hyphae formation.”” OKYL049 (ST6512 + E1:pTeflin + DGA1 + tPEX20 Aarel Amhy1) is
an obese strain carrying DGAT overexpression and ARE1 deletion to increase TAG accumulation and
abolish sterol ester formation”®; to prevent hyphae formation, MHY1 is deleted. JFYLOO7 (ST6512 Amhy/1
Aarel Alro1 Adgal Adga?2) is a low lipid accumulating strain carrying a deletion of ARE1 to abolish sterol
ester formation, a deletion of LRO1 (triacylglycerol formation with phospholipids as acyl donors), a deletion
of DGA1 (acyl-CoA dependent triacylglycerol synthase), and a deletion of DGA2 (member of the type 1
acyl-CoA:diacylglycerol acyltransferase family) to decrease TAG accumulation; to prevent hyphae forma-
tion, MHY1 is also deleted.?” Since our strains are derived from the W29/CLIB89 background, our gene
annotation follows the YALI1 system, but translation into YALIO/CLIB122) can be done with the S2 table of.>

Strain Genotype description Reference
ST6512 W29KU70::Cas9-DsdA Holkenbrink et al.*®
OKYL029 ST6512 Amhy1 Konzock and Norbeck®
OKYL049 ST6512 Amhy1 E1::pTeflin + DGA1 + tPEX20 Konzock et al.**

Aarel
JFYLOO7 ST6512 Amhy1 Aare1 Alro1 Adga1 Adga2 Poorinmohammad et al.?*

Bioreactor and chemostat cultivation

Chemostat cultivations were performed in DasGip 1-Lstirrer-pro vessels (Eppendorf, Jilich, Germany), with
aworking volume of 500 mL at 28°C. The agitation was set at 600 rom and aeration with sterile air at 1 vwm (=
30Lh™") to ensure aerobic conditions and monitored with DO probe (Mettler Toledo, Switzerland). pH was
monitored with a pH sensor (Mettler Toledo, Switzerland) and maintained at 5.0 £ 0.05 by automatic addi-
tion of 2M KOH. Cells were grown in batch using the same media as the chemostat, and their growth was
monitored via the CO, exhaust gas. After leaving the exponential growth phase, the constant feed was initi-
ated to obtain steady-state cultivation with a dilution rate of 0.10 h~"'. The working volume of 500 mL was
kept constant using an overflow pump. Samples for transcriptome analysis were taken after at least 4 resi-
dence times of steady-state growth. Each condition was cultivated at least in triplicates.

Chemostat cultivations with C/N ratio 3 were performed in delft media containing either 5.28 g/L of ammo-
nium sulphate or 2.4 g/L urea (sterile filtered), 7.92 g/L glucose, 0.5 g/L magnesium sulphate heptahydrate,
3 g/L monopotassium phosphate, 1 mL of trace metals solution, and 1 mL of vitamin solution. pH was set at
5 with KOH.

Chemostat cultivations with C/N ratio 116 were performed in delft media containing either 0.471 g/L of
ammonium sulphate or 0.213 g/L urea (sterile filtered), 27.5 g/L glucose, 0.5 g/L magnesium sulphate
heptahydrate, 3 g/L monopotassium phosphate, 1 mL of trace metals solution, and 1 mL of vitamin solu-
tion. pH was set at 5 with KOH.

Trace metal solution consisted of 3.0 g/L FeSQO,4+7H,0, 4.5 g/L ZnSO,4+7H,0, 4.5 g/L CaCl,+2H,0, 1 g/L
MnCl;+4H,0, 300 mg/L CoCly+6H,0, 300 mg/L CuSOy4+5H,0, 400 mg/L NazMoQOy4+2H,0, 1 g/L H3BO3,
100 mg/L KI, 19 g/L Na2EDTA-2H20.
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Vitamin solution consisted of 50 mg/L d-biotin, 1.0 g/L D-pantothenic acid hemicalcium salt, 1.0 g/L
thiamin-HCI, 1.0 g/L pyridoxin-HCI, 1.0 g/L nicotinic acid, 0.2 g/L 4-aminobenzoic acid, 25g/L myo-Inositol.

METHOD DETAILS

Lipid extraction and quantification

Samples for lipid extraction and quantification were taken after at least four residence times of steady-state culti-
vation. The protocol used was previously described.”* In short, 1 mL of cell culture was spun down (5 min at
5000 rcf), the supernatant discarded, and the cells washed twice with 1 mL water. The suspension was spun
down (5 min at 5000 rcf), the cell pellet resuspended in 100 pL, and dried in a vacuum dry freezer for 1 day.
40 pg of triheptadecanoin (TAG(17:0/17:0/17:0)) was added to the cell pellet as internal standard. 500 pL of
1M NaOH in methanol was added and the samples were vortexed at 1200 rpm at room temperature for 1 h.
80 pL of 49% sulfuric acid was added to neutralize the reaction. FAMEs were extracted by adding 500 pL hexane.
Phases were separated by centrifugation (1 min at 10,000 rcf). 200 pL of the upper hexane phase were diluted 1:5
in hexane and 1 pL was analyzed on GC-MS (Thermo Scientific Trace 1310 coupled to a Thermo Scientific ISQ LT
with a ZBFAME column (Phenomenex, length: 20 m; Inner Diameter: 0,18 mm; Film Thickness: 0,15 pm)). Lipid
content is calculated as lipid content per cell dry weight. Cell dry weight was determined by vacuum filtration of
1 mL of samples on pre-weighed 0.45 um filter membranes (Sartorius Biolab) followed by microwaving at 125 to
325 W for 15 min and placement in a desiccator for at least 3 days.

Extracellular metabolite analysis

Samples for high-performance liquid chromatography (HPLC) were taken after at least four residence times
of steady-state cultivation. 1 mL of culture was centrifuged for 5 min at 3000 rcf, and the supernatant was
used for high-performance liquid chromatography (HPLC) analysis to quantify extracellular metabolites (ac-
etate, citrate, ethanol, glycerol, glucose, pyruvate, succinate). The HPLC system UltiMate® 3000 (Dionex)
was equipped with an Aminex® HPX-87H ion exclusion column (Bio-Rad). 5 mM H,SO,4 was used as eluent
at a flow rate of 0.6 mL/min. Glucose was quantified using a refractive index detector (Shodex ri-101).

RNA extraction and sequencing

Samples for RNA extraction were taken after at least four residence times of steady-state cultivation by
rapidly withdrawing 10 mL of culture and injecting it into a 50 mL falcon tube with ca. 35 mL of crushed
ice. The samples were immediately centrifuged at 4000 rcf for 5 min at 4°C. The supernatant was discarded,
the pellet was resuspended in ice-cold water, transferred into 2 mL reaction tubes, and centrifuged at 4000
rcf for 5 min at 4°C. The supernatant was removed, and the open tubes were tapped on paper towels to
remove the remaining residue. Dry samples were immediately frozen in liquid nitrogen and stored at
—80°C until further analysis.

RNA was extracted using the RNeasy Mini Kit (QIAGEN). The DNA was removed from the sample using
RNase-Free DNase Set (QIAGEN). The quality of purified RNA samples was analyzed with a 2100
Bioanalyzer (Agilent Technologies, Inc., Santa Clara, CA) and the purified RNA was stored at —80°C until
further analysis.

The RNA library was constructed using Illumina TruSeq Stranded mRNA (poly-A selection) and samples
were sequenced on NovaSeg6000 (NovaSeq Control Software 1.7.5/RTA v3.4.4) with a 151 nt(Read1)-
10nt(Index1)-10nt(Index2)-151nt(Read?) setup using 'NovaSegXp’ workflow in ‘'S4’ mode flowcell. The Bcl
to FastQ conversion was performed using bcl2fastq_v2.20.0.422 from the CASAVA software suite. The
quality scale used was Sanger/phred33/Illumina 1.8+..

QUANTIFICATION AND STATISTICAL ANALYSIS

Differential gene expression analysis

The raw reads were processed with the NGI RNAseq Pipeline (https://github.com/nf-core/rnaseq.git),
version 3.5. The Y. lipolytica strain CLIB89(W29) reference genome was used to map the reads (assembly
GCA_001761485.1). Differential gene expression analysis was performed with limma,*' and adjusted
p-values were calculated according to the method of Benjamini-Hochberg. OmicsBox (https://www.
biobam.com/omicsbox) was used to generate gene sets by blasting Y. lipolytica exons against the
RefSeq non-redundant proteins database using BlastX algorithm. A total of 31.421 GO terms were anno-
tated to 5629 genes. Gene set analysis was performed using the R package PIANO (Platform for Integrative
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Analysis of Omics),"” using gene levels statistics, ignoring gene-sets containing less than five genes or more
than 500 genes. The code used for the analysis is available on GitHub (https://github.com/
SysBioChalmers/Yarrowia_Multifactor).

DATA AND CODE AVAILABILITY
The raw RNA-seq data are deposited in ArrayExpress (ArrayExpress: E-MTAB-11008).

The code and data used for the analysis were deposited to the Github repository and are available at
https://github.com/SysBioChalmers/Yarrowia_Multifactor.
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