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Abstract
The budding yeast Saccharomyces cerevisiae is a widely utilized host cell for recombinant protein production 
due to its well studied and annotated genome, its ability to secrete large and post-translationally modified 
proteins, fast growth and cost-effective culturing. However, recombinant protein yields from S. cerevisiae 
often fall behind that of other host systems. To address this, we developed a high-throughput screen of wild, 
industrial and laboratory S. cerevisiae isolates to identify strains with a natural propensity for greater recombinant 
protein production, specifically focussing on laccase multicopper oxidases from the fungi Trametes trogii and 
Myceliophthora thermophila. Using this method, we identified 20 non-laboratory strains with higher capacity to 
produce active laccase. Interestingly, lower levels of laccase mRNA were measured in most cases, indicating that 
the drivers of elevated protein production capacity lie beyond the regulation of recombinant gene expression. We 
characterized the identified strains using complementary genomic and proteomic approaches to reveal several 
potential pathways driving the improved expression phenotype. Gene ontology analysis suggests broad changes 
in cellular metabolism, specifically in genes/proteins involved in carbohydrate catabolism, thiamine biosynthesis, 
transmembrane transport and vacuolar degradation. Targeted deletions of the hexose transporter HXT11 and the 
Coat protein complex II interacting paralogs PRM8 and 9, involved in ER to Golgi transport, resulted in significantly 
improved laccase production from the S288C laboratory strain. Whereas the deletion of the Hsp110 SSE1 gene, 
guided by our proteomic analysis, also led to higher laccase activity, we did not observe major changes of the 
protein homeostasis network within the strains with higher laccase activity. This study opens new avenues to 
leverage the vast diversity of Saccharomyces cerevisiae for recombinant protein production, as well as offers new 
strategies and insights to enhance recombinant protein yields of current strains.
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Introduction
Saccharomyces cerevisiae is a commonly used host cell 
for recombinant protein production in laboratory and 
industrial settings. While the comparatively low yields of 
S. cerevisiae are not often a barrier in laboratory settings, 
it has limited the use of this yeast species in large-scale 
industrial protein production applications. Still, S. cere-
visiae has found applications in commercial production 
of several biopharmaceuticals such as insulin, growth 
hormones, factor XIII A-subunit (a blood clotting fac-
tor subunit), urate oxidase (treatment of high serum uric 
acid) and vaccines for hepatitis B and HPV [1]. Further 
increasing yields from S. cerevisiae would allow for its 
wider adoption as a recombinant protein host.

In our study we utilize the laccase multicopper oxi-
dases, which belong to an enzyme superfamily with con-
served plastocyanin-like domains and are used in diverse 
biotechnology applications. Laccases catalyze single elec-
tron oxidation of various phenolic and aromatic com-
pounds with low substrate specificity [2]. The primary 
functions of laccases vary depending on the organism: 
some plants, like the namesake lacquer tree, use laccase 
for wound sealing [3]; insects, for cuticle hardening [4, 5]; 
bacteria, for melanization [6, 7] and the breakdown of lig-
nin [8], the latter of which is one of the primary functions 
of laccases in fungi [9–12]. The promiscuity of these lac-
cases for various aromatic compounds and their consid-
eration as a “green” enzyme (i.e. one that produces water 
as the main by-product) explains why they have been 
extensively studied for their use in applications such as 
bioremediation, pulp and paper processing, wastewater 
treatment, food processing, biosensors, biofuel produc-
tion and biofuel cells [13]. Despite their potential, these 
enzymes have often been difficult to express at high level 
[14].

Efforts to improve recombinant protein yields from 
S. cerevisiae is an area of active research. The process 
of recombinant protein production has several poten-
tial bottlenecks at each stage of protein synthesis from 
transcription, translation and post-translational modi-
fications, all the way through to secretion out of the 
cell. Attempts to improve the process are typically 
approached on a case-by-case, protein-by-protein basis. 
There are, however, a few common biological engineering 
targets, that can improve yields in a more general man-
ner. For example, the endoplasmic reticulum (ER) resi-
dent proteins PDI and BiP are commonly overexpressed 
to increase protein secretion [15–17], while the vacu-
olar protease PEP4 gene is commonly deleted to reduce 
aberrant degradation of the recombinant protein [18, 
19]. Identification of new biological engineering targets 
have been accomplished by high-throughput screening 
of mutants [20], systematic screens of single gene dele-
tions [21] and RNA interference libraries [22]. These 

large-scale screens have been largely restricted to a single 
strain background. Thus far, no large-scale screens of nat-
ural and industrial isolates have been performed, over-
looking the vast diversity of S. cerevisiae strains and the 
growing annotation of the Saccharomyces pan-genome 
for recombinant protein production goals.

To expand the pool of strains used for recombinant 
protein production and identify new potential engineer-
ing targets, we used a library of ~ 1000 strains (includ-
ing laboratory, natural and industrial Saccharomyces 
cerevisiae isolates) to screen the ability of this diverse 
strain library to produce laccase in a high-throughput 
expression assay. We chose to utilize this approach as the 
diversity of S. cerevisiae remains under exploited, while 
numerous studies have focused on engineering individual 
strains to fit their specific protein of interest [17, 19, 23–
28]. Specifically, we assessed the secretion of the fungal 
laccase enzymes originating from Trametes trogii (ttLcc1) 
as well as the Myceliophthora thermophila (mtLcc1) [29] 
to assess how the diversity of S. cerevisiae and its pan-
genome may impact recombinant protein production. 
We first identified 20 strains with significantly improved 
laccase production ability compared to the laboratory 
strain BY4741 and then assessed their genomes and 
proteomes. We then targeted several candidate genes 
that are absent or present at lower levels in the identi-
fied strains to find new pathways that could be manipu-
lated to improve laccase production in the BY4741 lab 
strain. In this study we showcase the utility of leverag-
ing the natural diversity of Saccharomyces cerevisiae, via 
high-throughput functional screening of non-laboratory 
strains, for recombinant protein production.

Results
A novel high-throughput screen of natural and 
domesticated Saccharomyces cerevisiae isolates
To exploit the vast diversity of Saccharomyces cerevi-
siae strains for recombinant protein production appli-
cations, we developed a novel screening pipeline using 
production of laccase from T. trogii (ttLcc1) as a test 
case. Because most of the strains tested lack auxotrophic 
markers, we generated an expression vehicle comprising 
of a CEN6/ARSH4 plasmid with a dominant selectable 
kanMX6 marker and ttLCC1 under the control of the 
strong constitutive GPD1 promoter and CYC1 termina-
tor (Fig.S1A). We confirmed the expression and secre-
tion of laccase in the BY4741 reference strain by assaying 
its activity in the media after removal of the yeast cells 
using a colorimetric assay based on the substrate ABTS 
(2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) 
[30]. We observed a peak of activity after 4 days, soon 
after the culture reaches saturation in our growth condi-
tions (Fig. S1B). Next, we tested if laccase activity could 
be assessed in high-throughput with cells grown in 
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96-deep-well plates, confirming that well position does 
not skew laccase activity (Fig. S1C). With screening con-
ditions optimized in a 96-well format, we proceeded with 
transformation and screening of the strain library.

We assessed the 1000 strain library that was previ-
ously sequenced [31], supplemented with additional S. 
cerevisiae isolates from the Okanagan wine region [32] 
and from our own collection. Because 73 strains from 
our collection already contain the kanamycin resistance 
marker, we could only assess a total of 981 strains. Fol-
lowing transformation with our ttLCC1 CEN plasmid, 
we obtained 597 transformed strains for expression of 
the ttLcc1 laccase (Additional file 1). Transformation of 
non-laboratory strains may be impacted by differences in 
genes required for DNA endocytosis at the plasma mem-
brane (such as SHE4, ARC18 and VRP1) and cell wall 
structure [33]. Variations in alleles important for trans-
formation likely explains why only ~ 60% of the strains 
were successfully transformed. Additionally, potential 
uncharacterized differences in sensitivity to antimicro-
bials (G418 in this case), including the requirement of 

additional time to express antimicrobial resistance or a 
combination of these factors may play a role. Regardless, 
the ecological origins of the transformed strains display 
a good representation of the entire collection of strains 
surveyed (Fig. S1D & E). The transformed strains were 
arrayed into 96-well plates and a single representative of 
each strain was used for the initial screening by inoculat-
ing each cell population at the same density. An internal 
control consisting of a BY4741 replicate, was included in 
each plate. After 4 days, the media was assessed by the 
ABTS assay to determine laccase activity, after removal 
of all cells (Fig. 1A). From this initial screening, 47 strains 
were identified as preliminary hits using a threshold of 
laccase activity of at least 3 median absolute deviations 
(MAD) above the median activity of all strains screened 
(Fig. 1B; Additional file 1). To confirm that these strains 
produce the recombinant proteins at a higher level, we 
re-transformed them with the ttLCC1 laccase plasmid 
and re-arrayed them into 96-well plates with 4 biologi-
cal replicates per strain. In this second screening, 9 of 
the strains were confirmed to have significantly greater 

Fig. 1 Screening of yeast biodiversity for Laccase Production. (A) Workflow of the high-throughput laccase production screen. (B) Plots of ttLcc1 laccase 
activity for ~ 600 assessed strains (enzymatic activity Units). 47 hits above the 3 M.A.D. cut-off are shown in green. (C) Secondary screening with ttLcc1 
(x-axis) and mtLcc1 (y-axis; mean enzymatic activity Units) using the 47 preliminary hits (n = 4). Validated hits are shown in green, reference (BY4741) in 
black and significance cut-offs as dashed lines. Pearson correlation of the two laccase activities in assessed strains is shown
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ttLcc1 activity than BY4741 (Fig. 1C). These strains con-
stituted the first set of isolates to be further characterized.

To determine if ttLcc1 expression was extensible to 
other recombinant proteins, we tested a laccase that was 
identified in M. thermophila (mtLcc1). While both ttLcc1 
and mtLcc1 are laccases with 3 plastocyanin-like copper 
binding domains that are structurally similar (Fig. S1F), 
they share only 27.6% identity and 39.2% similarity at 
the protein sequence level (Fig. S1G). Both laccases have 
been successfully expressed in S. cerevisiae in the past 
[14, 29]. Removal of the signal sequence during matura-
tion is required, and furthermore, mtLcc1 requires addi-
tional proteolytic cleavage to remove a pro-sequence and 
a C-terminal peptide to allow full maturation [14]. The 
activity of mtLcc1 was assessed in parallel with ttLcc1 
in the 47 strains isolated in the first screen. Surprisingly, 
there was a relatively low correlation of the measured 
activities of the two laccases between the strains, with a 
Pearson correlation co-efficient of 0.227 (Fig. 1C). None-
theless, 15 strains had significantly greater mtLcc1 activ-
ity than BY4741, including 4 strains with significantly 
greater activity for both laccases, resulting in a total of 
20 strains producing higher laccase activity. These results 
indicate that the ability for a strain to overexpress one 
laccase does not necessarily correlate to higher produc-
tion of another related enzyme. Nevertheless, whatever 
biological features these strains have that allow them to 
produce either protein better than BY4741 can point to 
new targets that may be leveraged by additional strain 
engineering.

Laccase production affinity is present in a diversity of 
strain origins
A major differentiator of these strains compared to 
BY4741, is the environment or application that these 
strains have adapted to. Thus, we next looked at the ori-
gins of the hit strains to determine their relatedness and 
better understand how their evolutionary adaptations 
might potentially affect heterologous protein produc-
tion. To assess the relationships between the 20 strains 
identified as hits for ttLcc1 and mtLcc1, we constructed 
a phylogenetic tree using a previously published dis-
tance matrix [31], annotating the origins of each clade 
and highlighting our hit strains. The hits are distrib-
uted in 5 different clades encompassing the Wine/Euro-
pean (8 strains), French dairy (3 strains), African beer (2 
strains), Mixed origin (6 strains) and Mosaic region 3 (1 
strain) clades (Fig.  2). W303, a strain that closely clus-
ters with S288C (the parent of BY4741 [34]) due to shar-
ing 85.4% genomic identity and a shared ancestor [35], 
is also found in the Mosaic region 3 clade and was used 
as the reference strain because BY4741 is not present in 
the sequencing dataset of these strains [31]. There are 4 
pairs of strains found on neighbouring branches (namely 

A-14 and D-1, DBVPG1374 and DBVPG1714, CLIB650 
and CLIB655, and CCY_21-4-97 and CCY_21-4-98), sug-
gesting that the traits that allow for higher laccase pro-
duction may have originated in recent common ancestor 
strains in some of the cases. Supporting this hypothesis, 
the closely related CLIB650 and CLIB655 strains are 
strong producers of ttLcc1, whereas DBVPG1374 and 
DBPVG1714 are strong mtLcc1 producers. Overall, there 
is considerable genetic distance between strains that 
exhibited improved laccase production, indicating high 
diversity among the identified strains.

Determining the level of organization of laccase 
production improvement
With such strain diversity, it is possible that the mecha-
nisms controlling the increase in laccase production may 
be multifactorial. For instance, greater growth may lead 
to increased laccase production by increasing the bio-
mass available for production. While there was variation 
in optical densities (OD600) that relate to the cell biomass, 
ranging from − 5% to + 24% and that may be impacted by 
cell growth, the variation in laccase activity was greater, 
ranging from + 19% to + 143% (Fig. S2A). This sug-
gests that increased biomass is not a major factor in the 
observed increase in laccase activity. Timing of laccase 
production did not appear to be a major factor, although 
it may slightly vary depending on the strain (Fig. S2B). 
For instance, the activity of the laccase reached its maxi-
mum activity in CLIB649 after 3 days. At the level of 
gene expression, transcription is a limiting factor of pro-
tein production with more mRNA transcripts allowing 
more translation of a given protein. To determine if tran-
scription is a ttLcc1 expression enhancing factor for our 
strains, we conducted reverse transcriptase-quantitative 
PCR (RT-qPCR) to assess the relative amount of ttLCC1 
mRNA and compared them to laccase activity from the 
same strains. UBC6 was used as the internal reference 
as its expression had been demonstrated to be stable in 
different conditions and strains (Fig. S2C) [36]. Speci-
ficity of the RT-qPCR was assessed by melting curve to 
ensure a single target was amplified (Fig. S2D). Except for 
two strains with higher ttLCC1 mRNA levels (CLIB564 
and D-1), one strain (DBVPG4317) had no significant 
difference in ttLCC1 mRNA levels, and the remaining 
six strains had significantly lower ttLCC1 mRNA levels 
compared to the BY4741 reference strain (Fig.  3A). We 
next compared the laccase activity measured in paral-
lel in these same strains and normalized to the ttLCC1 
mRNA levels. In all but two strains (CLIB564 and D-1), 
the normalized laccase activity was significantly higher 
relative to the reference strain (Fig.  3B). These find-
ings suggest that the elevated laccase activity in the 
assessed strains is likely due to changes affecting protein 
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homeostasis and not due to plasmid copy number or ele-
vated transcription.

We next sought to compare the laccase yield and sta-
bility between our reference strain BY4741 and the top 
hit strain CLIB649, which was isolated from dairy whey, 
to define the potential causative differences in laccase 
activity between both strains. We purified the ttLcc1 
laccase from a small batch production and observed no 
reduction of activity over the course of a 12-day incu-
bation at room temperature (Fig. S3A). Surprisingly, we 
observed that although the yield of laccase was higher 

when purified from CLIB649 (0.37  g/L) compared to 
the BY4741 lab strain (0.32  g/L), the difference was not 
as pronounced as the observed increase in laccase activ-
ity (Fig. S3B). SDS-PAGE analysis of the purified pro-
teins revealed the presence of a slower-migrating band 
(~ 65  kDa vs. 55.4  kDa for unmodified ttLcc1) from 
both strains (Fig. S3C), which may correspond to a gly-
cosylated species. Notably, the higher molecular weight 
product was more abundant in the protein purified from 
CLIB649, suggesting potentially higher levels of glycosyl-
ation. Treatment with Protein N-Glycosylase F (PNGase 

Fig. 2 Phylogenetic tree and high laccase activity strain distributions. Phylogenetic tree highlighting the high laccase activity strains and the phyloge-
netic clade to which they belong. Strains are highlighted according to the laccase for which they had high activity. The W303 reference strain that closely 
clusters with BY4741 is also highlighted

 



Page 6 of 19Wong et al. Microbial Cell Factories           (2025) 24:60 

F) caused the recombinant proteins to coalesce into one 
lower molecular weight band in both cases (Fig. S3C). 
De-glycosylation caused a marked 30 to 41% decrease in 
activity of the ttLcc1 purified from BY4741 and CLIB649, 
respectively (Fig.  3C). Strikingly, the de-glycosylated 
laccase activities were relatively similar in both strains, 
although slightly and significantly higher for the lac-
case purified from CLIB649 (Fig. 3C). This is consistent 
with the observed 13% increase in protein yield from the 
dairy-derived strain (Fig. S3B). These results indicate that 
glycosylation is essential for maximal activity of ttLcc1 
and further suggests that post translational events are a 
major driver of improved laccase production in the wild 
and industrial strains.

Characterization of hits using genomics
To better understand what may contribute to the 
improvements in laccase production, we conducted 
genome wide association studies (GWAS) and open 
reading frame (ORF) enrichment and depletion analyses 
utilizing published sequencing data [31]. GWAS was con-
ducted using the ttLcc1 activity phenotypes for both sin-
gle nucleotide polymorphisms (SNPs) and copy number 
variations (CNVs) using activities from all transformed 
strains. A single significant SNP was found in ATG27 (a 
membrane protein involved in autophagy, also known as 
ETF1) (Fig. S4A) and a single significant CNV was found 
encompassing YPL273W and YPL274W, SAM4 (an 
S-adenosylmethionine-homocysteine methyltransferase) 

Fig. 3 Probing the contribution of transcription and glycosylation toward increased ttlcc1 activity. (A) Relative ttLCC1 mRNA levels of the indicated strains. 
After 4-days growth, an equivalent of 25 OD600 of cells were processed for mRNA purification and RT-qPCR (n = 3). Levels of ttLCC1 mRNA were normal-
ized to UBC6. (B) Laccase activity relative to the averaged ttLCC1 mRNA levels for each strain in shown. Laccase activity was measured in parallel to mRNA 
quantitation. (C) ttLcc1 activity after no treatment, mock and PNGase F treatment (p-values: * < 0.05, ** < 0.01 *** < 0.001, **** < 0.0001)
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and SAM3 (an S-adenosylmethionine permease) respec-
tively (Fig. S4B). With meagre hits from GWAS, we 
decided to identify ORFs that were either enriched or 
depleted within the hit strains in comparison to the 
remaining library using a Fisher’s exact test. This analy-
sis, which included the S. cerevisiae pan-genome, identi-
fied 23 ORFs as enriched among the 20 identified strains 
(p-value < 0.05), 10 ORFs were significantly depleted but 
had a compensatory enrichment of a highly similar ORF, 
and 38 ORFs were depleted (Fig. 4A). The highly similar 
ORFs, which are indicated as ‘ORF-like’ in Fig. 4A (73–
99% amino acid identity when translated), are genes that 
are not present in the S288C reference genome but have 
been identified by sequencing of the diverse S. cerevisiae 
strains and are present in the S. cerevisiae pan-genome 
[31].

To obtain an overview of which pathways may be 
involved, we first mapped the enriched and depleted 
ORFs according to the cell localization of the corre-
sponding proteins or related proteins (Fig.  4B). Many 
depleted genes encode for proteins that are localized in 
the plasma membrane, as well as in the vacuole. Absence 
of these genes may impact the secretion of ttLcc1 from 
the cell. Interestingly, nuclear and cytosolic localized 
ORFs depleted in the identified strains are often compen-
sated with a similar ORF enrichment. We assumed that 
this is a faithful compensation with the enriched gene 
able to fulfill the functions of the depleted. Several ORFs 
do not have any assigned cell localization or are anno-
tated as dubious ORFs. Notably, dubious ORFs are more 
likely to be enriched rather than depleted.

We next performed Gene Ontology (GO) term enrich-
ment analysis on the ORFs significantly enriched or 
depleted among the identified strains. To facilitate the 
analysis, the ORF sets were manually curated by replac-
ing gene-like annotations to only include ORFs of char-
acterized genes. From the group of enriched genes, we 
found no significant GO term enrichment. This was 
expected as many of the enriched ORFs are dubious and 
not expected to encode a functional protein and thus we 
do not expect these ORFs to contribute to any increase 
in laccase production. From the compensated gene 
group, the GO terms of biological processes linked to 
galactose and hexose catabolism are enriched (Fig.  4C), 
driven by GAL genes that are encoded by homologous 
genes in many strains. From the depleted genes group, 
biological process terms covering hexose metabolism 
and transmembrane transport are significantly enriched 
36 to 123-fold and 5 to 52-fold, respectively (Fig.  4D). 
Several IMA and HXT genes, involved in hexose catabo-
lism and transport, are significantly depleted among the 
identified strains, as well as SNZ3 and SNO2 that are 
involved in pyridoxine (vitamin B6) and thiamine biosyn-
thesis. Depletion of these genes suggest that rewiring of 

metabolic pathways could impact heterologous produc-
tion [37]. In agreement with the depletion of genes linked 
to transmembrane transport, plasma membrane local-
ization is also significantly enriched among this group of 
depleted genes (Fig. 4E). In addition, vacuole localization 
is enriched with 10 genes mapping to that term. One pos-
sibility is that depletion of vacuole genes could play a role 
in diverting proteins from vacuole degradation leading to 
higher secreted laccase activity.

Validation of genomic hits
With numerous genes depleted within the identified 
strains, we sought to validate a subset of these ORFs by 
knocking out (KO) these genes in our reference strain 
BY4741. We generated 15 KOs by replacing each gene 
with a HIS3 cassette and assayed ttLcc1 activity in each 
mutant, including six genes for which a corresponding 
homologous ORF is enriched (i.e., “compensated” group). 
Eight out of 15 deletions resulted in significantly higher 
laccase activity compared to BY4741 (Fig.  4F). We veri-
fied that the insertion of HIS3 itself (in this case into the 
HO locus) did not cause laccase activity to increase. It in 
fact, mildly decreased activity when tested on 11 unique 
isolates (Fig. S5). Of the eight KOs with increased laccase 
activity, gdt1Δ had the least improvement, increasing lac-
case activity by a modest 8% (Fig. 4F). We initially pos-
tulated that in each case of compensation, the enriched 
gene effectively would replace the depleted homologous 
gene. Thus, these genes were not expected to give signifi-
cantly increased laccase activity. Contrary to our expec-
tations, KOs targeting KAP104 and PRM9, two of the 
“compensated” genes, resulted in significantly higher lac-
case activity, close to 10% and 25%, respectively (Fig. 4F). 
The best performing KOs were hxt11Δ,ykr104wΔ and 
ylr460cΔ. Deletion of these targets had the greatest 
improvement in laccase activity, nearly 85%, 70% and 
70%, respectively (Fig.  4F). HXT11 is a broad-spectrum 
hexose transporter capable of transporting glucose, fruc-
tose, mannose and galactose. YLR460C is an uncharac-
terized member of the quinone oxidoreductase family. 
In S288C, YKR104W is an ORF generated due to a stop 
codon of the adjacent ORF, NFT1/YKR103W, resulting 
in the 3’ truncation of NFT1. YKR104W encodes for an 
ATPase domain of the full length NFT1 gene that is a 
merge of YKR103W and YKR104W in other strain back-
grounds. Our results indicate that several genes absent in 
the identified strains may, at least partially, explain why 
higher laccase activity is observed in these cells.

Characterization of hits via proteomics
To complement our genomic analysis, we assessed the 
proteome of the 20 strains with higher laccase activ-
ity using data-independent acquisition mass spectrom-
etry. Notably, the protein mass spectrometry analysis 
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Fig. 4 Genomic characterization of strains with increased laccase activity. (A) Number of ORFs that are either significantly enriched or depleted in the 20 
strains with higher laccase activity. We first identified genes that are either present or absent in any of the 20 hit strains in comparison to the reference 
strain, BY4741, and then used Fisher’s exact test to determine whether these genes are statistically enriched or depleted in comparison to the whole strain 
library. The compensated group consists of 10 depleted genes for which a similar ORF is also enriched. (B) Cell map of the localization of known genes or 
of their close homolog. Enriched ORFs shown in blue, depleted in green and compensated lighter colours. (C, D and E) Dot plots of the compensated and 
depleted genes groups, indicating Biological Process or Cellular Component GO terms enriched in each group. The scale of the false discovery rate (FDR) 
q-values are shown in (E, F) Select gene targets from genomic analysis were knocked out and tested for their effect on ttLcc1 activity after 4-days growth. 
BY4741 was used as the control and reference for statistical tests. Significantly higher or lower laccase activities indicated in green or in grey, respectively 
(p-values: * < 0.05, ** < 0.01 *** < 0.001, **** < 0.0001)
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can provide further insights into differences between the 
identified strains that cannot be easily predicted using 
genomic information. Cells from 4 biological repli-
cates were collected after 4 days of growth with laccase 
expression for an analysis of the whole cell lysates. Mass 
spectrometry analysis of additional technical replicates 
of one reference sample was performed throughout the 
experiment to verify the homogeneity of the analysis, 
and a total of 14 samples were analyzed (Additional file 
2). On average, we quantified 3,708 proteins per strain 
for a total of 4,021 distinct quantified proteins. We veri-
fied that there is a high correlation of the quantified 
proteins between biological replicates, with only three 
samples with an R2 value below 0.85 when compared to 
all its other biological replicates that we removed from 
the analysis (Fig. S6A). To further evaluate the proteomic 
results, we compared the protein intensities within 
the BY4741 technical replicates (n = 14), which display 
low coefficient of variances (CVs) with a median CV of 
~ 8%, confirming the good quality of the measurements 
(Fig. S6B). The median CV increases to 22% when con-
sidering, instead, BY4741 biological replicates (Fig. S6C; 
n = 7). The increase of the CVs is more marked for pro-
teins with lower signal intensities (Fig. S6D), indicating 
some stochastic events are more likely to happen for low 
abundant proteins (either at the expression or proteoly-
sis level) during the growth of the cells for 4 days. Com-
parably, the median CVs between biological replicates of 
the other strains range from 11 to 28% indicating some 
changes in the variability between biological replicates 
depending on the strains (Fig. S6E). Importantly, the CVs 
are in most cases lower in comparison to the reference 
strain. Several characterized strains display strong corre-
lation of the quantified values when compared between 
each other, indicating their proteomes are very similar 
(Fig. 5A). However, in some cases, the R values are much 
lower (e.g., when comparing BY4741 and CLIB655). We 
examined more closely the averaged protein intensities of 
two representative strains (CLI_21 and CLIB655). Inter-
estingly, the variability of the measured intensities is well 
spread out in comparison to the lab reference strain (Fig. 
S6F), indicating the variability affects both low and high 
expressed proteins. This is surprising, especially since 
recent work shows that proteomes display a good buff-
ering capacity between different isolated strains [38, 39]. 
To better visualize the relationship between the different 
strains, we performed a principal component analysis 
(PCA) of all the analyzed samples which showed 5 visible 
groups of strains (Fig.  5B). The PCA data demonstrates 
that the BY4741 and CLIB324_2 strain proteomes are 
separated in their own groups, while the CLIB650 and 
CLIB655 strain proteomes are grouped together, consis-
tent with their relatedness (Fig. 5B). These 3 groups are 
the most separated from the others indicating distinct 

proteomic signatures. The two other groups each com-
prise a larger number of strains that are not markedly dif-
ferent from each other (Fig. 5B). The neighbouring pairs 
of A-14 and D-1, DBPVG1374 and 1714, CLIB650 and 
655, and CCY_21-4-97 and 98 in the phylogenetic tree 
are all found clustering closely with their partner (Fig. 2). 
Likewise, the closely related CLIB549 and 649 also closely 
cluster on the PCA plot (Fig. 5B). These results show that, 
perhaps not surprisingly, more closely related strains 
share a closer proteome signature. As well, the separation 
of the BY4741 proteome from the other strains is con-
sistent with the S288C strain being a phenotypic outlier 
when compared with diverse S. cerevisiae strains for over 
600 traits [40].

We next compared the abundance of individual pro-
teins in the whole cell lysates of the 20 strains with the 
BY4741 lab strain. On average, 719 proteins displayed a 
significant two-fold change, ranging from 341 to 1,422 
differentially expressed proteins in CLI_21 and CLIB650, 
respectively (Fig.  5C). In total, we detected 1565 differ-
ently upregulated and 1481 downregulated proteins 
across the 20 strains individually compared to BY4741 
(Fig. S6G). We included in the search ttLcc1 that was 
expressed in these cells and observed significantly lower 
levels of the recombinant protein in the whole cell lysates 
of the 9 strains previously characterized by RT-qPCR and 
laccase assays, that produce higher activity of secreted 
ttLcc1 (Fig. S6H). This may be explained by a lower 
dwelling time of the recombinant protein during cell 
trafficking, resulting in more efficient glycosylation and 
secretion. Among the upregulated proteins, seven are 
encoded by genes accordingly enriched in the genomics 
analysis (Atg44-like, Ehd3, Gal1-like, Gal7-like, Gal10-
like, Krs1 and an uncharacterized hypothetical amino 
acid transporter), whereas 10 downregulated proteins 
are encoded by depleted genes in the genomics analy-
sis (Ddi3, Gal1, Ima3, Ntc20, Pau21, Pmu1, Srl2, Snz3, 
YOL159C-A and YRL460C) (Fig.  4B). Surprisingly, pro-
teins with roles in protein glycosylation were largely unaf-
fected when comparing the proteomes of the lab strain 
with CLIB649, with only a few proteins up or downregu-
lated using standard cut offs (Fig. 5D, fold change ≥ 2 and 
p-values ≤ 0.05). These results suggest that the difference 
in ttLcc1 glycosylation may be a result of protein folding 
or trafficking and not of upregulation of glycosylation.

To focus our efforts, we filtered proteins affected in 
at least 50% of the hit strains representing 239 upregu-
lated and 212 downregulated proteins (Fig. S6G). The GO 
analysis revealed that metabolic processes are enriched 
among proteins expressed at higher levels in the assessed 
hit strains, including “small molecule metabolic process”, 
“cellular amino acid metabolic process” and “ribonucle-
otide metabolic process” (Fig.  6A). Each of these three 
terms encompasses over 100 proteins, whilst the general 
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term “metabolic process” encompasses 215 out of 239 
upregulated proteins, indicating that a main difference 
in the proteome of the hit strains compared with the ref-
erence strain is a distinct wiring of metabolic pathways. 
These proteins are also associated with cellular compo-
nents terms related to mitochondria, proteasome, stress 
granule and nucleolus (Fig.  6B), possibly underscoring 
a higher capacity to respond to stresses such as heter-
ologous protein production. Downregulated proteins are 
significantly associated with terms related to catabolic 
processes (Fig. 6C). Interestingly, carbohydrate catabolic 

process related terms are also associated with depleted 
genes (albeit driven by different proteins/genes). Cellular 
component terms include vacuolar lumen, cell surface 
and extracellular region (Fig.  6D). The vacuolar lumen 
term is also associated with downregulated proteins, as 
for depleted genes, suggesting a possible role in reduced 
vacuolar degradation (Figs. 4D and 6D).

Fig. 5 Proteomic analysis of strains with increased laccase activity. (A) Heatmap representing the Pearson correlation of measured protein intensities 
of indicated strains compared to all other collected proteomes. (B) Principal component analysis of the individual proteomes of the 20 hit strains and 
BY4741. The proteomes form 5 groups, highlighted by coloured ovals. (C) Stacked bar chart of significantly up and downregulated proteins from each 
strain after comparing with the reference BY4741 strain. (D) Volcano plot of up and downregulated proteins in CLIB649 compared to BY4741. Proteins 
involved in protein glycosylation highlighted in black, and those significantly up or downregulated labeled
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Fig. 6 Proteomic characterization and validation of strains with increased laccase activity. (A–D) Dot plots of the Biological Process and Cellular Compo-
nent GO terms enriched in the affected protein groups. FDR q-value scale as in D. (E, F) Laccase activity after 4-days growth in the indicated KO strains 
selected following the proteomic analysis. Targets were selected based on GO term enrichment (E) or associated biological pathway of interest (F). 
BY4741 was used as the control and reference for statistical tests. Significantly higher or lower activities indicated in green or grey, respectively (p-values: 
* < 0.05, ** < 0.01 *** < 0.001, **** < 0.0001)
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Assessment of the impact on laccase production of 
affected proteins
We next sought to select a few targets shown to be 
depleted in the proteomic analysis to assess their poten-
tial impact on heterologous protein production. We 
selected several targets based on GO term enrichment, 
namely, ATG15,CPS1,PRM6 and YSP3, which are all 
found in the vacuole. In addition, we selected targets 
involve in vesicle trafficking, protein folding and homeo-
stasis: ATG42,GOS1,PRM8,RAD18 and SSE2. We also 
targeted for deletion KCH1, PRB1 and SSE1 that are par-
alogs of PRM6, YSP3 and SSE2, respectively. A total of 12 
KOs were generated and tested for ttLCC1 activity. The 
GO directed individual KOs did not result in any signifi-
cant improvement to laccase activity (Fig. 6E). While not 
essential, these full gene KOs may have a lower ability to 
scavenge nutrients during extended incubation time [41–
44]. Nonetheless, we detected significantly higher laccase 
activity in prm8Δ (+ 27%) and sse1Δ (+ 22%) (Fig.  6F). 
PRM8 is the paralog of PRM9, a hit we validated in the 
genomic analysis, and has roles in coat protein complex II 
(COPII) binding [45] in the early stages of secretion. We 
assessed both strains side by side to show that deletions 
of PRM8 and 9 had similar increases of laccase activity 
at approximately + 35% compared to the control (Fig. S7). 
SSE1 has roles in protein folding being an Hsp110 with 
nucleotide exchange factor activity on the Ssa and Ssb 
family Hsp70s, as well as acting as a co-chaperone of the 
Hsp90 chaperone complex [46, 47]. These results indicate 
that changes in the early secretory pathway and to pro-
tein folding may contribute, in part, to improved laccase 
activity from these strains.

Discussion
In this study, we performed a large-scale screen of labora-
tory, wild and industrial S. cerevisiae isolates by establish-
ing a growth and screening pipeline for ttLCC1 laccase 
expression using a library of ~ 1,000 isolates. Follow-
ing the identification of 47 candidate strains, we subse-
quently determined that 20 strains display a higher ability 
to produce active laccase with 4 strains producing higher 
ttLcc1 and mtLcc1 laccase activity. To uncover the bio-
logical factors that may contribute to improved activity by 
these strains, we characterized them using complemen-
tary genomic and proteomic approaches. Following these 
analyses, we generated KOs and confirmed improvement 
in laccase production in 10 of the gene deletions. Most of 
the KOs that led to higher laccase activity were discov-
ered by identifying genes significantly depleted among 
the isolated strains (8 out of 15 tested genes). In contrast, 
fewer validated targets were derived from the proteomic 
approach (2 out of 12 candidates). One possibility is 
that the proteomic approach is currently limited by the 
lower number of strains characterized, which did not 

allow us to narrow down fewer candidate genes. Indeed, 
we observed that many proteins are expressed at signifi-
cantly different levels among the characterized strains, 
which may be exacerbated by the fact we grew the cells to 
saturation. Notably, a large portion of the observed pro-
teomic differences are probably due to the adaptations of 
the strains to their environment rather than to producing 
laccase, and therefore unlikely to contribute to increased 
laccase activity when assessed individually. Interestingly, 
many genes and proteins affected in the 20 hit strains 
are involved in metabolism. It has been previously dem-
onstrated that largescale metabolic re-wiring occurs in 
high α-amylase secreting mutant strains [37] and down 
regulation of genes involved in cellular metabolism can 
improve recombinant protein expression [22]. Several of 
our findings suggest a similar phenomenon of metabolic 
re-wiring may impact laccase production. A leading GO 
term among depleted genes is hexose catabolism driven 
by HXT6-like,HXT11,IMA3 and IMA5-like. HXT11 is 
a broad-spectrum hexose transporter [48] with roles 
in drug resistance [49] while HXT6 is a glucose trans-
porter [50] and the paralog of HXT1, the glucose trans-
porter identified to be downregulated in mutant strains 
by Huang and colleagues [37]. In our assay, the hxt11Δ 
strain had an 85% increase in laccase activity. As Hxt11 
is not required for glucose uptake, deletion of HXT11 
may lead to a change of allocated cellular resources and/
or reduce unnecessary glucose uptake during growth 
that could then favour heterologous protein production. 
Ima3 and Ima5 are both α-glucosidases with roles in iso-
maltose utilization. It has been demonstrated that there 
is high redundancy in glycolytic enzymes in S. cerevisiae, 
where deleting 13 of 27 minor paralogs did not result in 
any growth defects [51] even though glycolytic enzymes 
comprise a large portion of soluble proteins [52]. Neither 
IMA3 nor IMA5 are required for isomaltose utilization, 
so, similarly to HXT11, it is possible that downregulation 
of these genes silences the expression of these proteins 
which allows for allocation of resources towards recom-
binant protein production.

Interestingly, glycosylation of ttLcc1 was increased 
in our top hit strain CLIB649, when compared to the 
BY4741 reference strain. An increase in protein glyco-
sylation may demand an increase in sugar requirement. 
Conversely, increasing sugar availability has been demon-
strated to increase protein glycosylation [53]. However, 
we observed downregulation of hexose transporters, 
and we did not observe notable upregulation of proteins 
involved in N-glycosylation. N-glycosylation is a key 
post-translational modification essential for maximum 
ttLcc1 activity. It has been proposed that glycosylation 
of laccases serves key structural functions, potentially 
forming hydrogen-bonding with specific residues or 
providing shielding for certain residues from solvent 
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exposure, as well as playing a key role in substrate bind-
ing and therefore enzyme kinetics [54–56] We postulate 
that in CLIB649, ttLcc1 is better able to fold in the ER 
allowing a greater degree of glycosylation to occur com-
pared to BY4741. This improved folding early in the ER 
and greater glycosylation leads to a shorter dwell time of 
ttLcc1, which would result in greater secretion and sub-
sequently more active enzyme secreted.

We provide further evidence that down regulation of 
thiamine biosynthesis pathways is beneficial to recom-
binant protein production, another point of agreement 
with Huang et al. [37]. Both Sno2 and Snz3 are involved 
in biosynthesis of pyridoxine and subsequently thiamine, 
thiamine then feeds back and represses transcription of 
SNZ3 [57, 58]. It is likely that SNO2 is also repressed by 
thiamine as SNZ and SNO genes are co-regulated [59]. 
Once again, metabolic re-wiring may underlie the mech-
anism of how Snz3 and Sno2 depletion may contribute 
to improved laccase expression. Derivatives of both pyri-
doxine and thiamine are co-factors of numerous meta-
bolic enzymes [60, 61]. Thus, down regulation of genes 
involved in their biosynthesis may lead to decreased lev-
els of these co-factors in the cell, resulting in attenuation 
of the activity of metabolic enzymes.

An interesting group of depleted genes we identi-
fied among the 20 hit strains are the “compensated” 
genes, where homologous genes are also enriched. 
These included GAL1, GAL7, GAL10, KAP104, PMU1 
and PRM9 (Fig. 4B). We anticipated that the knockouts 
of these “compensated” genes in BY4741 would have no 
effect or be potentially detrimental to laccase produc-
tion. This proved largely to be the case. PMU1 deletion, 
which caused a greater decrease of laccase activity, is 
known to cause greater chromosome instability [62] and 
a defect in vacuole fragmentation [63], both likely con-
tributing to decreased recombinant production. The GAL 
genes are all involved in galactose metabolism, a car-
bon source that is often omitted in laboratory settings, 
like in the media used in this study. Deletion of two of 
the three GAL genes tested (gal1Δ and gal10Δ) resulted 
in reduced laccase production (Fig.  4F). A gal1Δ strain 
has been previously noted to cause a decrease in endo-
cytosis [64], a change in vacuolar morphology [63] and to 
increase the activity of an enzyme [65]. Similarly, gal10Δ 
has also been implicated in a decrease in endocytosis [66] 
and changes to vacuolar morphology [63]. Therefore, the 
negative impact on laccase production upon deletion of 
GAL genes could be due to a decrease in endocytosis, 
reducing their ability to acquire nutrients, and/or defects 
in vacuolar fragmentation reducing their ability to scav-
enge nutrients through microautophagy [67]. Contrary to 
the deletion of the GAL genes, KAP104 and PRM9 dele-
tion strains both resulted in greater laccase production 
(Fig.  4F). Kap104 is a transportin involved in returning 

mRNA binding proteins to the nucleus [68] and dele-
tion of KAP104 causes mislocalization of Hrp1 and the 
mRNA binding protein Nab2 [69]. It is unknown what 
the mechanism behind increased laccase production in 
kap104Δ cells is, but possible explanations, among oth-
ers, may be increased amino acids available for transla-
tion of new proteins by reducing levels of some mRNA. 
Prm9 is a member of the DUP240 family of membrane 
proteins with a COPII binding motif and is proposed to 
be involved in ER exit of proteins as Prm9 overexpres-
sion caused enlargement of the vacuole; however, Prm9 
is not required for ER exit [45, 70]. Thus, Prm9 may play 
a role in targeting proteins for vacuolar degradation 
and deleting PRM9 may redirect proteins to be secreted 
rather than be degraded in the vacuole. It is possible that 
KAP104 and PRM9 may not be faithfully compensated 
by their respective homologous genes in the identified 
strains (or simply have different functions), allowing their 
absence to contribute to the increased laccase production 
phenotype.

PRM8 deletion, like its paralog PRM9, also resulted 
in significant increase to laccase production at a nearly 
identical level (Fig. S7). Prm8 was detected to be signifi-
cantly depleted in our proteomics studies (Additional file 
2). Prm8 and 9 form a complex with each other at the ER 
membrane [45] and it is likely that the effect of deleting 
one of the paralogs impairs the function of the complex, 
thus, accounting for their similar effects on laccase pro-
duction. Like prm9Δ, prm8Δ may impair vacuolar target-
ing of laccase, redirecting it to be secreted from the cell 
instead.

We expected chaperones and other protein qual-
ity control proteins to play a larger role in impacting 
recombinant protein production. However, we failed 
to identify many changes to the levels of chaperones in 
the protein mass spectrometry experiment, apart from a 
notable reduction of SSE2 and its paralog SSE1 in many 
of the characterized strains. While deletion of SSE2 did 
not result in significant improvement in laccase activity, 
deletion of SSE1 did (Fig.  6F). Whereas both SSE1 and 
SSE2 are upregulated under heat stress conditions, Sse1 
is present at higher levels than Sse2 in normal growth 
temperatures [71, 72], potentially explaining the differ-
ent impact of the deletions of these two genes on laccase 
activity. More work would be required to determine how 
deletion of Sse1, a nucleotide exchange factor for cyto-
solic Hsp70s, may impact laccase activity.

In contrast, we found that many vacuolar proteins were 
expressed at lower levels in the proteomic experiment. 
We previously identified S288C gene deletions causing 
defects in vacuolar protein sorting, (including numerous 
VPS gene deletions), that improved heterologous laccase 
expression, indicating that the vacuole is a key player 
in recombinant protein secretion [21]. Notably, one of 
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the common targets for strain engineering to increase 
secreted recombinant protein yields is the deletion of 
PEP4, also a vacuolar protease. We detected lower levels 
of three vacuolar enzymes (the phospholipase Atg15, the 
peptidase Cps1 and the putative protease Ysp3), known 
or suspected to be reliant on Pep4 to mature and targeted 
to the vacuole via the multivesicular body pathway [73–
75]. Notably, Atg15 is essential for breakdown of autoph-
agic membranes in the vacuole to release the contents for 
degradation [41, 76] that is supported by enzymes like 
Cps1 and Ysp3 [77, 78]. While our work suggests that 
modulating vacuolar degradation could positively impact 
laccase production, none of the assessed single deletion 
genes associated with vacuolar degradation increased 
laccase activity (Fig. 6E). One possibility is that multiple 
vacuolar genes need to be targeted, or that the levels 
of these proteins need to be carefully tuned to have an 
impact on recombinant protein production.

Methods
Plasmid and yeast strain construction
All plasmids, oligos and yeast strains utilized in this study 
are listed in Additional file 1. To construct the ttLCC1 
laccase expression plasmid (BPM1747), the URA3 cas-
sette from pRS416-GPD1p-ttLCC1-CYC1t, a gift from 
Dr. Sychrová [29], was swapped with the kanMX6 cas-
sette from pFA6a-kanMX6 [79] using Gibson assembly. 
The same approach was used to generate the control 
empty vector (BPM1743) using pRS416 [80]. The mtLCC1 
gene was subcloned with the GPD1 promoter and CYC1 
terminator from pVT100U-MtL, also a gift from Dr. 
Sychrová, into the same kanMX6 containing vector (to 
generate BPM1752) using Gibson assembly. This mtLCC1 
is the T2 variant generated by Bulter et al. [14].

The yeast strain library was de-condensed from its 
original 384-format using an S&P Robotics BM3-BC into 
a 96-format for strain recovery and long-term storage. 
Subsequent handling of the de-condensed library was 
done with a manual pinning tool. The library was trans-
formed with BPM1747 in 96-well format via the high-
throughput LiAc transformation protocol [81], allowing 
development of drug resistance with 3  h of recovery in 
YPD before selection. Successful transformants were 
selected for by plating on YPD + G418 (200 µg/mL).

Single gene deletion strains were generated by homol-
ogous recombination integrating a HIS3 cassette from 
pFA6a-His3MX6 at the target locus. Knockout cas-
settes containing 60 bp of homology to the target locus 
on either side were generated by PCR amplification and 
transformed into BY4741 via the high-efficiency LiAc/
ssDNA method [82]. Gene deletions were verified by 
colony PCR confirming integration of the cassette at the 
target locus and absence of the target gene.

ABTS-based laccase activity assay and quantification
10 colonies were pooled together per replicate of each 
transformed strain (individual colonies were tested for 
the HIS3 integration controls) and precultured in 150 
µL of YPD + G418 (200  µg/mL) overnight at 30  °C in a 
96-well round bottom plate with shaking at 900  rpm. 
The precultures were used to inoculate 1 mL of laccase 
expression medium (YPD, 20  µg/mL adenine, 50 mM 
potassium phosphate (dibasic, pH 6), 0.5 mM copper (II) 
sulfate) with 1/2× G418 (100 µg/mL) to a starting OD600 
of 0.2 in a 2 mL 96-deep-well round bottom plate. The 
laccase expression cultures were grown for 4 days (96 h) 
at 30 °C with shaking at 900 rpm. At the end of the 4 days, 
the final OD600 of each culture was measured before the 
cells were pelleted by centrifugation at 3,200 rcf for 5 min. 
100 µL of the cleared media containing the secreted lac-
case was transferred to a clear-96-well flat bottom plate 
to be used for laccase activity assays. Immediately before 
quantitation, 100 µL of 2 mM ABTS in 100 mM Britton 
and Robinson buffer (100 mM each of boric, phosphoric 
and acetic acid, brought to pH 4 by addition of NaOH) 
was added to the cleared media to begin the reaction 
[83]. Laccase activity was monitored by UV-visual spec-
trometry (absorbance) at 420 nm over the course of 1 h 
with readings every minute starting from minute 0, in the 
Clariostar + plate reader (BMG). We used double orbital 
shaking at 300 RPM for 30s between reads, and centre 
point reading with 20 flashes. Ab420nm was plotted against 
time and linear regression curves were fitted to the data 
(data points on both ends of the curve were removed 
until an R2 of at least 0.999 was achieved to only take in 
account the linear range of the reaction). The Beer-Lam-
bert law was used to convert absorbance into concentra-
tion of oxidized ABTS in µmols using a molar extinction 
coefficient of 36,000 M− 1 cm− 1 [84]. This was then used 
to calculate laccase activity (1 unit of laccase activity = 1 
µmol oxidized ABTS / min).

Alignments
Structural alignment was done using the RCSB Pairwise 
Structural Alignment tool [85]. ChimeraX [86] was used 
to convert the alignments to a POV-Ray (v3.7.0) for-
mat for ray-tracing. Sequence alignment was performed 
with the EMBOSS Needle tool [87] and visualized in 
BoxShade.

Phylogenetic tree
A neighbour-joining phylogenetic tree was generated and 
exported in Newick format using the “ape” package in R 
and the “1011distanceMatrixBasedOnSNPs.tab” dataset 
from Peter, J. et al. [31]. The clades were annotated, and 
strains highlighted on the phylogenetic tree using the 
Interactive Tree of Life (iTOL) webtool [88]. The tree was 
rooted to the strain HN6 of the CHN I clade, due to the 
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suspected origin of S. cerevisiae from China [31, 89] and 
high genetic diversity of strains from this origin [90].

RT-qPCR
For RT-qPCR experiments, total RNA was extracted 
using the RiboPure Yeast RNA Prep Kit (Thermo Fisher 
Scientific AM1926) from an equivalent of 25 ODs of cells 
from 4 biological replicates. A Nanodrop One (Thermo 
Fisher Scientific) was used to determine the crude RNA 
concentration for dilution of the RNA preps into a suit-
able range for precise RNA concentration and RNA 
integrity number (RIN) determination using a Bioana-
lyzer 2100 (Agilent G2939BA) and RNA 6000 Nano chip 
(Agilent 5067 − 1511). All samples displayed a RIN of 
6.8 or more (Additional file 3), above the recommended 
RIN for RT-qPCR [91, 92]. ttLCC1 mRNA levels were 
determined using the Power SYBR® Green RNA-to-CT™ 
1-Step Kit (Thermo Fisher Scientific 4389986) using 20 
ng of RNA and 10 µM primers (Additional file 1) per 
replicate. UBC6 was used as the internal reference gene. 
Three 20 µL replicates were pipetted into a 384-well PCR 
plate for each strain and target, the plate was sealed with 
an optically clear seal and the RT-qPCR was run in a 
ViiA 7 Real-Time PCR System (Thermo Fisher Scientific 
4453545) with cycle settings following manufacturer’s 
protocols for the RT-qPCR kit. Data was visualized and 
exported to Excel using QuantStudio Real-Time PCR 
Software (Thermo Fisher Scientific v1.6.1). The compara-
tive CT (ΔΔCT) method was used to determine the rela-
tive ttLCC1 mRNA levels [93].

Purification, stability and de-glycosylation of laccase
100 mL of laccase expression medium was inoculated 
with a ttLcc1 expressing strain to a starting OD600 of 0.2 
and grown for 4 days at 30 °C with shaking at 200 RPM. 
After 4 days, the culture media was collected by spinning 
down the cells at 3,200 rcf for 5 min. The cleared media 
was concentrated with a 200 mL Stirred Cell (Millipore 
Amicon UFSC20001) fitted with a 30 kDa cut-off mem-
brane (Millipore PLTK06210) to 10 mL, followed by fur-
ther concentration with a 30 kDa cut-off centrifugal filter 
unit (Millipore Amicon UFC903024) down to 500 µL. 
The protein concentrate was purified using an NGC Dis-
cover 10 chromatography system (Bio-Rad) fitted with a 1 
mL HiTrap Q Sepharose FF cartridge (Cytiva 17505301) 
using 20 mM TRIS-HCl pH 7.8 (Buffer A) and 20 mM 
TRIS-HCl pH 7.8 + 400 mM NaCl (Buffer B) as described 
in Bulter et al. [14], skipping the additional Mono Q step. 
1 mL fractions were collected with a BioFrac Fraction 
collector (Bio-Rad) and active fractions were pooled and 
concentrated to 300 µL with a 30 kDa cut-off centrifugal 
filter unit (Millipore Amicon UFC903024).

To assay laccase stability, a 10 µL aliquot was trans-
ferred to a 0.2 mL PCR tube and left at room temperature 

and laccase assays were performed daily for 5 days using 
1 µL of the room temperature laccase aliquot diluted with 
99 µL of deionized water, then again at 12 days, follow-
ing the previously described ABTS method. One-way 
ANOVA was used to determine if there was significant 
difference across the time points. De-glycosylation of 
laccase was performed with PNGase F (NEB P0704S) 
following the manufacturer’s denaturing protocol. For 
imaging and quantitation, 10 µL aliquots of the untreated 
control and de-glycosylated laccase preparations were 
boiled with 1× Laemmli buffer, run into a 10% Stain-
free TGX gel (Bio-Rad 4568034) and visualized by using 
the Stain-Free protocol with a Gel Doc XR+ (Bio-Rad). 
Image analysis was performed using ImageLab software 
(Bio-Rad Ver. 6.1.0 build 7). Quantities determined using 
the BSA standard curve (0.25, 0.5, 1 and 2 µg) were used 
to estimate laccase yield in g/L. For the laccase assay, 
PNGase F and GlycoBuffer 2 (NEB) was added for 4  h 
at 37  °C. An equivalent amount of purified laccase was 
mock treated by adding only GlycoBuffer 2 prior to incu-
bating for 4  h, the untreated laccase was similarly pro-
cessed but left on ice. Laccase assays were performed as 
for the stability assays.

GWAS
Mixed-model association analysis was performed using 
the FaST-LMM python library version 0.2.32  (   h t t p s : / / f a 
s t l m m . g i t h u b . i o /     and  h t t p  s : /  / p y p  i .  o r g  / p r  o j e c  t /  f a s t l m m 
/ 0 . 2 . 3 2 /) [94]. We used the normalized phenotypes by 
replacing the observed value by the corresponding quan-
tile from a standard normal distribution, as FaST-LMM 
expects normally distributed phenotypes. The command 
used for association testing was the following: single_
snp(bedFiles, pheno_fn, count_A1 = True), where bed-
Files is the path to the PLINK formatted SNP data and 
pheno_fn is the PLINK formatted phenotype file.

Statistical calculations and gene ontology enrichment 
analysis
Statical calculations were done in R (Rstudio 
2023.06.1 + 524, R version 4.3.3) using custom scripts and 
the “stats” package of R ( h t t p  s : /  / g i t  h u  b . c  o m /  R y a n  W K  W 
/ M  i n i  n g - Y  e a  s t -  D i v  e r s i  t y  - U n  v e i  l s - N  o v  e l -  T a r  g e t s  - f  o r -  I m 
p  r o v e  d -  H e t  e r o  l o g o  u s  - L a  c c a  s e - P  r o  d u c t i o n - i n - S a c c h a r) 
and all p-values are listed in Additional file 4. Statistical 
enrichment of ORFs was performed using Fisher’s exact 
test to compare the proportional presence of ORFs in the 
hits to the remainder of the library. Only genes that were 
either absent or present in the 20 hits strains in compari-
son to the reference strain were first retained. We then 
compared their proportional presence/absence in the 
20 strains to their proportional presence/absence in the 
remaining 1000 + strains on the library using the Fisher’s 
exact. Fisher’s exact tests were done using the “fisher.

https://fastlmm.github.io/
https://fastlmm.github.io/
https://pypi.org/project/fastlmm/0.2.32/
https://pypi.org/project/fastlmm/0.2.32/
https://github.com/RyanWKW/Mining-Yeast-Diversity-Unveils-Novel-Targets-for-Improved-Heterologous-Laccase-Production-in-Sacchar
https://github.com/RyanWKW/Mining-Yeast-Diversity-Unveils-Novel-Targets-for-Improved-Heterologous-Laccase-Production-in-Sacchar
https://github.com/RyanWKW/Mining-Yeast-Diversity-Unveils-Novel-Targets-for-Improved-Heterologous-Laccase-Production-in-Sacchar
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test” function. T-tests for the mass spectrometry analy-
sis and the laccase activity assays were conducted using 
the “t.test” function and corrected, if necessary, using the 
Benjamini-Hochberg method with the “p.adjust” func-
tion. Pearson correlation was calculated using the “cor.
test” function. Median absolute deviations (MAD) were 
calculated using the formula MAD = 1.4826* Median (|Xi 
- median(X)|). The proteome correlation heatmap was 
generated by comparing the data using a linear model 
with the “lm” function. GO term enrichment analysis 
was performed using the online tool, ShinyGO 0.80 [95], 
against the Saccharomyces cerevisiae background and 
using an FDR cut-off of 0.05. The split axis in Fig. 3B was 
created with the “ggbreak” add-in for ggplot2 [96].

Proteomics
Pelleted cells from 1 mL expression cultures were washed 
3 times with 500 µL of 50 mM TRIS-HCl (pH6.8) before 
being lysed in 50 mM TRIS-HCl (pH 6.8) with 2% SDS 
using a Precellys 24 (Bertin) and 400  μm acid washed 
silica beads (OPS Diagnostics BAWG 400-200-04). 5 µg 
of proteins from the lysates were digested following the 
SP3 protocol [97] with Sera-Mag™ carboxylate-modified 
SpeedBeads [E7] and [E3] (Cytiva 45152105050250 and 
65152105050250) and sequencing grade modified trypsin 
(Promega V5113). The digested peptides were acidified 
with trifluoroacetic acid (TFA) before desalting. Pep-
tides were desalted using an AssayMAP Bravo (Agilent) 
liquid handler and AssayMAP 5 µL C18 cartridges (Agi-
lent 5190–6532). Cartridges were primed with 100 µL of 
priming buffer (0.1% TFA, 80% acetonitrile (AcN)) then 
washed with 50 µL of buffer A (0.1% TFA, 5% AcN) before 
loading of the peptides. A “cup wash” step was performed 
with 25 µL of buffer A, then a sample wash was done with 
50 µL of buffer A. The peptides were eluted from the C18 
with buffer B (0.1% TFA, 40% AcN) before drying with 
a Vacufuge plus (Eppendorf 022820109). Dried peptides 
were reconstituted in 0.1% TFA & 0.5% AcN before load-
ing on a timsTOF Pro 2 operated in DIA-PASEF mode 
coupled to a NanoElute UHPLC system (Bruker Dalton-
ics). For each sample, 50 ng was loaded on an Aurora 
Series Gen2 analytical column heated to 50 °C. The ana-
lytical column was equilibrated with buffer A (0.1% FA 
and 0.5% AcN in water) then subjected to a 30-min gradi-
ent with a 0.3 µL/min flow. Buffer B (0.1% FA, 0.5% water 
in AcN) was increased from 2 to 12% over the first 15 min 
then to 33% from 15 to 30 min, followed by 95% over 30 s 
and held at 95% for 7.72 min. The DIA acquisition scan-
ning ranged from 100 to 1,700  m/z. Following the MS1 
scan, 17 PASEF scans of 22, 35  m/z windows ranging 
from 319.5 to 1,089.5 m/z were performed. Ion mobilities 
ranged from 0.7 to 1.35 V s/cm2 with a 100-ms ramp and 
accumulation time and a 9.42-Hz ramp rate resulting in a 
1.91-s cycle time. Collision energy was increased linearly 

as a function of ion mobility from 27 eV at 1/k0 = 0.7 V s/
cm2 to 55 eV at 1/k0 = 1.35 V s/cm2.

Data files were searched using the directDIA pipeline 
of Spectronaut (Biognosys ver. 18.7.240506.55695), quan-
tifying proteins using the top 3 peptides at the MS2 level. 
Quality control on the data was done by calculating the 
CVs and determining correlation of the data sets using 
a custom script fitting to a linear model using the “lm” 
function of the “stats” package in R. Principal compo-
nent analysis was conducted using the “PCA” function of 
the “FactoMineR” package in R. Strain comparison plots 
were created with “ggplot2”, using averaged intensities of 
proteins quantified in both strains ( h t t p  s : /  / g i t  h u  b . c  o m /  
R y a n  W K  W / M  i n i  n g - Y  e a  s t -  D i v  e r s i  t y  - U n  v e i  l s - N  o v  e l -  T a r  
g e t s  - f  o r -  I m p  r o v e  d -  H e t  e r o  l o g o  u s  - L a  c c a  s e - P  r o  d u c t i o n - i 
n - S a c c h a r). Before running t-tests, the protein quantities 
were normalized across all datasets by first dividing each 
quantity by the median within the dataset, then multi-
plying by the mean of median quantities across datasets, 
and missing values were imputed by random assignment 
of the bottom 5% of intensities using the “impute.Min-
Prob” function of the “imputeLCMD” package of R, tun-
ing the sigma to ensure no negative values are imputed. 
To be considered enriched or depleted, proteins must be 
two-fold enriched or depleted and statistically significant 
(p-value < 0.05). Volcano plots from the t-tests were gen-
erated with a custom script using the “ggplot2” package.
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