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Abstract

Yarrowia lipolytica strain is a promising cell factory for the conversion of lignocellulose to biofuels and bioproducts. Despite the
inherent robustness of this strain, further improvements to lignocellulose-derived inhibitors toxicity tolerance of Y. lipolytica are
also required to achieve industrial application. Here, adaptive laboratory evolution was employed with increasing concentrations
of ferulic acid. The adaptive laboratory evolution experiments led to evolve Y. lipolytica strain yl-XYL + *FA*4 with increased
tolerance to ferulic acid as compared to the parental strain. Specifically, the evolved strain could tolerate 1.5 g/L ferulic acid,
whereas 0.5 g/L ferulic acid could cause about 90% lethality of the parental strain. Transcriptome analysis of the evolved strain
revealed several targets underlying toxicity tolerance enhancements. YALIO E25201g, YALIO F05984g, YALIO B18854¢g,
and YALIO F16731g were among the highest upregulated genes, and the beneficial contributions of these genes were verified
via reverse engineering. Recombinant strains with overexpressing each of these four genes obtained enhanced tolerance to ferulic
acid as compared to the control strain. Fortunately, recombinant strains with overexpression of YALIO E25201g,
YALIO B18854g, and YALIO F16731g individually also obtained enhanced tolerance to vanillic acid. Overall, this work
demonstrated a whole strain improvement cycle by “non-rational” metabolic engineering and presented new targets to modify
Y. lipolytica for microbial lignocellulose valorization.

Key points

* Adaptive evolution improved the ferulic acid tolerance of Yarrowia lipolytica

* Transcriptome sequence was applied to analyze the ferulic acid tolerate strain

o Three genes were demonstrated for both ferulic acid and vanillic acid tolerance

Keywords Yarrowia lipolytica - Adaptive laboratory evolution - Transcriptome analysis - Ferulic acid tolerance - Vanillic acid
tolerance - Reverse metabolic engineering

Introduction attracting increasing attention. Lignocellulosic biomass, one
of the most abundant renewable resources on earth, has re-
Along with rapid global economic development and popula-  ceived widespread attention as it offers an alternative to fossil

tion growth, issues caused by utilizing fossil resources are  resources (Jin et al. 2015). In recent years, many researchers
have tried to develop technologies for production of biofuels
and chemicals from lignocellulosic biomass (such as agro-
forestry residues, urban solid wastes) (Ruan et al. 2012,
Ruan et al. 2013, Yu et al. 2011). Such a conversion process
using lignocellulosic biomass as a substrate can not only pro-
duce biofuels and chemicals sustainably, but also reduce the
emission of greenhouse-gas.

Structurally, there are three main components in lignocel-
lulosic biomass, which are cellulose, hemicellulose, and lignin
' School of Environmental and Biological Engineering, Nanjing (Shishir et al. 2011). Cellulose and hemicellulose can be hy-
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biofuels and chemicals. Due to its recalcitrant structure, ligno-
cellulosic biomass must undergo pretreatment to make it easy
for the hydrolysis of cellulose and hemicellulose. However,
accompanied with the pretreatment of lignocellulose, undesir-
able compounds, such as weak acids, furans, and phenolics
that are toxic to microorganisms, are also generated (Almeida
et al. 2010, Klinke et al. 2004, Xu et al. 2019). Weak acids,
like formic acid and acetic acid, can render intracellular anion
accumulation after entering cells, which will consume ATP to
maintain intracellular pH balance (Imai and Ohno 1995,
Pampulha and Loureiro-Dias 1990). Furans, such as
hydroxymethylfurfural and furfural, can disturb intracellular
redox balance, inhibit the activity of enzymes in glycolytic
pathway, and prolong the lag phase of microorganisms
(Allen et al. 2010, Modig et al. 2002). Phenolics can destroy
the integrity and permeability of microbial cell mem-
brane, as well as induce undesirable intracellular reac-
tive oxygen species (ROS) (Heipieper et al. 1994,
Larsson et al. 2000). Among the abovementioned three
types of inhibitors, phenolics commonly exhibit a higher
inhibition effect on microorganisms than weak acids and
furans. Ferulic acid (hereafter abbreviated as FA) is one
of the main phenolics in lignocellulosic hydrolysate, es-
pecially in the hydrolysate of dicotyledons (Mansfield
et al. 2012, Xu et al. 2019). According to previous
studies, FA can inhibit the growth of many microorgan-
isms even at a low concentration. For example, Larsson
and colleagues (Larsson et al. 2000) found that FA at a
concentration as low as 0.2 g/L substantially inhibited
the cell growth of Saccharomyces cerevisiae.

Although lignocellulose-derived toxins can be removed by
detoxifying processes (Cho et al. 2009, Guo et al. 2013), the
detoxification operations not only increase the cost but may
also cause the loss of fermentable sugars. Using robust micro-
bial strains, which can tolerate multiple inhibitors and utilize
sugars in lignocellulosic hydrolysate efficiently, is a more
widely applied approach. Adaptive laboratory evolution has
been proved an efficient method to obtain high tolerant strains
for lignocellulosic feedstock fermentation. For instance,
Thompson and colleagues subjected an industrial
S. cerevisiae strain to adaptive laboratory evolution in
pretreated pine biomass. As a result, two mutants exhibited
significantly improved cell growth and fermentation perfor-
mance in the presence of relevant inhibitors were obtained
(Thompson et al. 2016). In another study, Xia and colleagues
carried out a long-term adaptive evolution experiment for
Corynebacterium glutamicum S9114, and the results indicat-
ed that the evolved strain achieved highly increased tolerance
to multiple inhibitors (Wang et al. 2018). As an efficient meth-
od, adaptive laboratory evolution can also be used to obtain
high-yielding strains. For example, Daskalaki and colleagues
improved lipid accumulation capacity in oleaginous microor-
ganisms by using evolution-based strategies. The population
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they obtained was able to accumulate 44% w/w of lipid, which
was significantly higher than that of the start strain (Daskalaki
etal. 2019).

Yarrowia lipolytica strains are considered as one of the
most potential cell factories due to their excellent lipids accu-
mulation capability (Qiao et al. 2017, Xu et al. 2017).
Moreover, the composition of lipid from Y. lipolytica strains
is similar to that of diesel, making it an ideal substitute for
fossil resources-derived diesel. In addition, Y. lipolytica
strains have also been applied to produce many other
valuable compounds, such as terpenoids (Liu et al.
2019, Yang et al. 2016) and carotinoid (Jacobsen
et al. 2020, Larroude et al. 2017). As mentioned above,
lignocellulosic biomass is considered as one of the most
promising substrates for fermentation. One obstacle im-
peding the development of large-scale biodiesel produc-
tion from lignocellulose by Y. lipolytica is the fragile
cell growth caused by inhibitors in hydrolysate. For in-
stance, when synthetic medium is applied, 99.30 g/L
lipid can be achieved (Qiao et al. 2017). In contrast,
only 12.01 g/L lipid was obtained when lignocellulosic
hydrolysate was applied as feedstock (Yook et al.
2020). Thus, a robust Y. lipolytica strain, which can
tolerate inhibitors in hydrolysate, is essential for micro-
bial lipid production from lignocellulosic biomass.
Whereas, few studies have been reported on the con-
struction of robust Y. lipolytica strains, as well as anal-
ysis of tolerance mechanism of Y. lipolytica strains.

In this study, efforts have been made to obtain robust
Y. lipolytica strains which can tolerate phenolics, especially
FA, with an integrated strategy of adaptive laboratory evolu-
tion, transcriptome analysis, tests of target genes, and reverse
metabolic engineering (Fig. 1). First, a four-stage FA
tolerant evolution experiment was carried out with FA
concentration gradually increased from 0.5 to 1.5 g/L.
Phenotype characterization suggested that evolved
strains exhibited regular growth in the presence of 1.5
g/L FA after four stage of laboratory evolutions.
Transcriptional analysis of the evolved strains versus
the original one revealed that YALIO E25201g (a gene
for pleiotropic drug resistance proteins),
YALIO F05984g (a gene for permease of the major
facilitator superfamily), YALIO B18854g (a gene map-
ping in the integral component of membrane of GO
terms), and YALIO F16731g (a gene mapping in the
integral component of membrane of GO terms) might
be responsible for the improved phenotype, which were
confirmed by subsequent reverse genetic engineering.
This study promotes the understanding of stress toler-
ance of Y. lipolytica in response to lignocellulose-
derived inhibitors, and the mined target genes may be
helpful to construct robust strains through genetic
engineering.
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Materials and methods
Strains and media

Y. lipolytica XYL+ (hereafter abbreviated as yl-XYL+) used
as the parental strain for adaptive laboratory evolution is a
xylose-utilizing strain constructed by Ledesma-Amaro and
colleagues based on the wild-type strain W29 (ATCC20460)
(Ledesma-Amaro et al. 2016) (Table 1). YPX medium (10 g/L.
yeast extract, 20 g/L peptone, and 20 g/L xylose) was used for
seed cultivation. YNBXFA medium (1.7 g/L yeast nitrogen
base, 5 g/l NH,4Cl, 10 g/L xylose, and different amount of
FA) was used for adaptive laboratory evolutions. YNBX me-
dium (1.7 g/L yeast nitrogen base, 5 g/l NH4Cl, and 30 g/L
xylose) was used for fermentation phenotype tests. SC-S me-
dium (7.9 g/L SC dropout medium and 30 g/L sucrose) was
used for recombinant strains’ seed cultivation. SC-S-FA me-
dium (7.9 g/L SC dropout medium, 30 g/L sucrose, and 0.5 g/
L FA) and SC-S-VA medium (7.9 g/L. SC dropout medium,
30 g/L sucrose, and 1.0 g/L vanillic acid) were used for
the test of recombinant strains. YPD medium (10 g/L
yeast extract, 20 g/L peptone, and 20 g/L glucose) was
applied for the routine culture of yeasts. Additional 20
g/L agar was added for the abovementioned media
when solid media were required.

Adaptive laboratory evolution for improving ferulic
acid tolerance

YNBXFA medium was used to domesticate yl-XYL+. In or-
der to provide sufficient survival stress, the lethality of FA to
Y. lipolytica was evaluated first with an initial Y. lipolytica
ODgoo of 0.25, 0.5, 0.75, and 1.0. The adaptive laboratory

Strain background Adaptive Laboratory

evolution process was divided into four stages with 0.5,
0.75, 1.0, and 1.5 g/L FA added in the medium respectively.
In details, yl-XYL+ was inoculated into YNBXFA medium
with 0.5 g/L FA in the first stage, and the cultivated cells were
transferred into fresh medium every 48 h. Cultivation was
carried out at 30 °C with a rotation of 250 rpm.
Domestication was stopped when the growths of 3 sequential
passages reached similar ODggq after 48-h cultivation. The
domesticated cells were spread on YNBXFA plate and ten
colonies were picked randomly for phenotype test. The colony
with the best performance was selected for the next stage of
domestication.

RNA sequencing and quantitative real-time PCR

The target colony from plate was incubated in YPX medium
in 250-mL Erlenmeyer flasks at 30 °C with a rotation of 250
rpm. When cells grew up to the logarithmic growth phase,
three parallel samples were collected for liquid nitrogen frozen
immediately. Then, the frozen samples were milled to power
form with a sterile mortar and pestle. The powdered cells were
collected in a 1.5-mL centrifuge tube and then 1 mL trizol was
added (Zhou et al. 2020). The samples were stored in dry ice
and sent out for RNA sequencing. RNA extraction, library
construction, and sequencing were performed by Shanghai
Shenggong Bioengineering Technology Service Co., Ltd.
The sequencing was performed by using an Illumina
HiSeqTM 2500 system as described previously (Wei et al.
2017, Wu et al. 2016). RNA-Seq data analysis, including
quality control, reads mapping, transcriptome assembly, an-
notation, gene expression level analysis, and SNP calling,
were carried out according to previously published standard
procedures (Wei et al. 2017, Wu et al. 2016). Relevant RNA
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Fig. 1 Schematic representation of the study performed to increase FA
tolerance of yl-X'YL+. First, the parental strain yl-X'YL+ was subjected to
adaptive laboratory evolution. During the evolution experiment, the
concentration of FA in medium was increased stepwise from 0.5 to 1.5

g/L. Then, the original strain and the evolved strain were subject for
transcriptome analysis, and some potential gene targets were selected.
Finally, the potential targets involving in FA tolerance were verified by
reverse metabolic engineering
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sequencing raw data have been submitted in Genbank with an
accession number of PRINA 675399.

Quantitative real-time PCR (qQRT-PCR) was performed to
validate the results of RNA-seq. RNA isolation and cDNA
synthesis were performed with a PrimeScript™ RT reagent
kit and gDNA Eraser (Takara, RR047A) as previously de-
scribed (Wen et al. 2014). qRT-PCR was conducted in an
Applied Biosystems StepOnePlus Real-Time PCR system
(Thermo-Fisher Scientific Inc., Waltham, MA, USA).
SYBR® Green Premix Ex TaqTM II kits (Takara, Dalian,
Liaoning, China) were used under the following reaction con-
ditions: 50 °C for 2 min, 95 °C for 2 min, followed by 40
cycles of 95 °C for 3 s, 60 °C for 30 s, and 72 °C for 30 s. All
assays were performed in triplicate. All qRT-PCR primers are
listed in Table 2.

Reverse engineering of key targets found in evolved
strains

Four potential gene targets that might contribute to FA toler-
ance were chosen based on the RNA-Seq and qRT-PCR re-
sults. These targets were in situ verified by gene overexpres-
sion with the help of a replicating plasmid. Recombinant plas-
mids were constructed according to standard procedures with
pMCS-CENI as a skeleton plasmid (Gao et al. 2016). Using

Table 2.  Primers used in this study

pMCS-CENI1-C20265g as an example, it was constructed by
assembling a YALIO C20265g expression cassette (com-
posed of TEFin promoter, ORF of YALIO C20265g, and
XPR2t terminator) and a SUC cassette (composed of TEFin
promoter, ORF of SUC, and Migt terminator) into pMCS-
CENI1. The constructed plasmids were transformed into the
original yl-XYL+ by electroporation, and then 50 pL trans-
formation mixture was plated onto SC-S solid medium for
screening correct recombinant strains. The verified recombi-
nant strains were tested in SC-S-FA and SC-S-VA medium
with initial ODgq 0f 0.5. Three parallel samples were collect-
ed at each 24 h for determination of optical density and sugar
consumption. Involved strains and plasmids used are summa-
rized in Table 1.

Analytical methods

The concentrations of sugars and phenolics in fermentation
broth were analyzed by HPLC equipped with a Bio-rad
Aminex HPX-87H column and a refractive index detector.
The Aminex HPX-87H column was maintained at 60 °C,
and the mobile phase was 0.005 M sulfuric acid with a flow
rate of 0.6 mL/min (Chen et al. 2018). Concentrations of mo-
nomeric sugars were calculated based on the calibration sugar
standards. Cell growth of Y. lipolytica was quantified by

Target genes Forward primers

Reverse primers

Used for qRT-PCR

YALIO C20265g CCGTTTGATTGAGTGTTTG
YALIO B12188g CTTTATGACCCTGTTCCG
YALIO F17996g GCGTCTGGACGGACTCACT
YALIO E25201g TACACCGGAATTTACATCA
YALIO F05984g GCCGAAATACCCAGTAAC
YALIO B18854g CGGCGACACTCTGTGGTA
YALIO F16731g TTTTCATTCCTGGCAACC
actin ATTGTTACCAACTGGGATGA

Used for amplification of target genes
YALIO C20265g GAATCATTCAAAGGCGCGCC

ATGGAACAAACACCTCCAGAC

YALIO B12188¢g GTATAAGAATCATTCAAAGG

CGCGCCATGGGGCTGTTCAGCAAAAAGG

GTATAAGAATCATTCAAAGGCGCGCC
ATGGACAACGGCCCTATCGATC
GTATAAGAATCATTCAAAGGCGCGCC
ATGTCTTCTTCAATACTAACACAGACTGG
GTATAAGAATCATTCAAAGGCGCGCC
ATGAGCGATGCCGAGATCCAG
GAGTATAAGAATCATTCAAAGGCGCG
CCATGAACCCCACTATCGAACG

GTATAAGAATCATTCAAAGGCGCGCC
ATGGCGACAGTACGAGTACTTCG

YALIO F17996g
YALIO E25201g
YALIO F05984g
YALIO B18854g

YALIO F16731g

CGGCGTTGTAGACGATTT
CTCGCTCGACTGTAATGTA
GCCTGGTAGATGGCAACA
CAACATAGTCAATCGCATAG
GCAATAAGACCTCCAAACG
GGCTGCTTGTATCGGGTT
GTGTCGTCGGACTCGTAG
CAGAGGCGTACAGGGAGA

CTAATTACATGAGGCTAGCGTTTAAA
CTCAAGCCTTCTGAGCCTTGG

CTAATTACATGAGGCTAGCGTTTAAA
CTTAGCCCTCCAAAGCCTGCAAC
CTAATTACATGAGGCTAGCGTTTAAA
CCTAGGCCTTCTCGCTGGAAG
CTAATTACATGAGGCTAGCGTTTAAA
CTCACTTGTTGAAGTCTACCTCG
CTAATTACATGAGGCTAGCGTTTAAA
CTTAGTAAGTGTAGAAAATGCTTGG
CTAATTACATGAGGCTAGCGTTTAAA
CCTAATCGTATCGAACAGCTCG

CTAATTACATGAGGCTAGCGTTTAAA
CCTAAAAATGCAAAGGCAGCTG

@ Springer
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measuring the optical density of fermentation broth at 600 nm
with a UV-visible spectrophotometer (TU-1810, Beijing
Pushen General Instrument Co., Ltd.). The ODgqo value was
measured before each passage, and the number of generations
was calculated with the formula: number of generations =
10g2(0OD¢00 final/ODe0o initia) (Hellgren 2017).

Results

Adaptive laboratory evolution for improving ferulic
acid tolerance of Y. lipolytica XYL+

Before performing adaptive laboratory evolution for yl-XYL+
to enhance its FA tolerance, the toxicity of FA to the parental
strain was tested. Due to the low solubility of FA in water at
fermentation temperature, FA was dissolved in DMSO at a
concentration of 100 g/L for further use. Our preliminary ex-
periments showed that DMSO did not inhibit the growth of yl-
XYL+ until its concentration was above 1% (data not shown).
Thus, the concentration of DMSO used in this study was con-
trolled below 1%. Then, the effect of FA concentration on yl-
XYL+ growth was investigated. As shown in supplementary
figure S1, 0.5 g/L FA caused about 90% lethality of yI-XYL+,
which indicated that this concentration imposed desired pres-
sure to Y. lipolytica XYL+ for evolution. Thus, 0.5 g/LL FA
was applied to initiate the adaptive laboratory evolution for
improving FA tolerance of yl-XYL+.

With an appropriate initial FA concentration, the adaptive
laboratory evolution for yl-XYL+ was conducted. As shown
in Fig. 2, increased cell growth was observed during the evo-
lution process, indicating that the strain was adapted to the FA
stress gradually. For instance, in the first stage of evolution,
yl-XYL+ grew well in YNBX medium (without FA), in con-
trast, it could hardly survive in the first 48 h when 0.5 g/L FA
was added into the medium. After three transfers, there was no
obvious difference between the final ODgoo When the strain
was cultured with and without 0.5 g/ FA, which indicated
that the strain was well adapted to 0.5 g/L FA. Similar domes-
tication processes were also observed in the next three pas-
sages. After four stages of adaptive laboratory evolutions, the
evolved strains could grow significantly with FA at a concen-
tration of 1.5 g/L, which indicated that this “non-rational”
strategy is effective in enhancing the robustness of this
Y. lipolytica strain. Although the final ODgq of the evolved
strain cultured with 1.5 g/LL FA was lower than that of control
in the end of stage 4, the cell growth was stable in the last 6
cultivations, which suggested the evolution reached its thresh-
old. Finally, it took 84 days for the whole adaptive laboratory
evolution and the obtained cells could survive well with 1.5 g/
L FA. Touncover the underlying mechanism of the evolution,
a single strain named yl-XYL + *FA*4 was separated from
the final evolution stage and selected for further analysis.

When the evolved strain yl-XYL + *FA*4 and parental
strain yl-XYL+ were cultured on YNBX and YNBXFA solid
mediums, it was noticeable that the evolved strain could grow

Adaptive laboratory evolution with
increased FA concentrations

Ferulic acid
roae ol 0.5 0.75 1.0 15
9t
gl mmpanl g _mmEmn pinEEE _ggt giE gpumpugiE
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Fig. 2 Adaptive evolution of yl-XYL+ for FA tolerance. The graph
shows the measured ODgq in each subculture during the evolution
experiment. The triangles (red) represent the ODggg of yl-XYL+ cultured
in YNBX with FA. The squares (black) represent the ODgo of yl-XYL+
cultured in YNBX which was used as control. The vertical gray lines
indicate the time where the evolution entered into the next stage. The
evolved strains were spread on plate, and ten random colonies were
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picked for phenotype test at the end of each evolution stage.
Domestication had lasted for 86 days with Y. lipolytica transferred for
43 times: the first stage had gone through 7 passages, approximately 27
generations; the second stage had gone through 9 passages, approximate-
ly 37 generations; the third stage had gone through 13 passages, approx-
imately 53 generations; the final stage had gone through 14 passages,
approximately 57 generations
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on YNBXFA while the parental strain could not (data not B e S e 333 B,
e not differential expressed £

shown), whereas both strains grew well on YNBX solid me-
dium. Then, the morphologies of yl-XYL + *FA*4 and yl-
XYL+ were investigated by optical microscopy respectively,
and no obvious morphological differences were observed.
Furthermore, the fermentation performances of these two
strains were compared in YNBXFA and YNBX medium.
As shown in Fig. 3, the evolved and parental strains exhibited
similar growth profile and xylose consumption when cultured
in YNBX liquid medium. However, when cultured in
YNBXFA liquid medium, the ylI-XYL + *FA*4 strain could
grow well, but the parental strain could hardly survive. All the
above information indicated that the evolved strain had ob-
tained the ability to tolerate FA compared to the parental
strain.

Comparison of the parental strain and the evolved
strain by transcriptome analysis

Three parallel RNA samples extracted from yl-XYL+ and yl-
XYL + *FA*4 were subjected to transcriptome sequencing to
analyze the emerged changes in the evolved strain. As a result,
over 40 Gb raw reads were obtained from each cDNA library.
In detail, a total of 42,181,222 and 42,259,356 pairs of reads
were obtained from RNA of yI-XYL + *FA*4 and yl- XYL+,
respectively. Comparing the obtained reads to the reference
genome, the proportion of reads in each genome structure,
includes exon, intron, and intergenic, was shown in supple-
mentary figure S2. Over 95% of the reads from both samples
were mapped to the genome. The average read length was 141
and 142 bases for yl-XYL + *FA*4 samples and yl-XYL+
samples respectively, and the distribution of reads were ho-
mogeneous with great randomness of fragmentation (supple-
mentary figure S3). Distributions of genes coverage (the per-
centage of a gene covered by reads) were shown in supple-
mentary table S1. For each sample of yI-XYL+ and yl-XYL +

a 4
—m— yl-XYL+
—o— yl-XYL+*FA*4
37 @
. /
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3 ¢
14 /J
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Mean values and error bars were calculated using three replicates
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\
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Fig. 4 The horizontal and vertical axes are the log2 (TPM) values of yl-
XYL+ and yl-XYL + *FA*4 samples respectively. Each dot represents a
gene, and the closer to the origin indicating the lower the expression level.
The red represents the upregulated genes, green represents the downreg-
ulated genes, and black represents a non-differentially expressed genes

*FA*4, more than 97% of genes in transcriptomic dataset
showed perfect coverage of 90 to 100%.

Gene expression level was directly reflected in the abun-
dance of transcripts. High abundance of transcripts suggested
high gene expression level. TPM (Transcripts Per Million)
measurement was employed to estimate the expression levels
of target genes. In order to obtain genes with significant dif-
ferences, the screening condition was settled to g value < 0.05
(corrected p value. The smaller ¢ value, the more significant
difference in gene expression) and difference multiple (which
was also called fold change) > 2.000. Scatterplot provided a
global overview of the number of differential genes and the
number of up- and downregulated genes (Fig. 4). In particular,
the genes significantly over-expressed (upregulated by more
than twofold) and significantly under-expressed (decreased by
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Fig. 3 Fermentation profiles of the evolved strain yl-XYL + *FA*4 and the parental strain yl-XYL+ in YNBXFA medium (a) and YNBX medium (b).
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atleast 50%) in yl-XYL + *FA*4 was 63 and 333 respectively
(supplementary table S2). Besides, all non-synonymous mu-
tations in the evolved strain yl-XYL + *FA*4 based on the
transcriptome sequencing have been added to supplementary
(supplementary table S3). Further study on the distribution of
these difference genes in the annotation function indicated that
69 difference genes were assigned to the KEGG ortholog
(KO) system (supplementary figure S4a), 200 difference
genes were assigned to KOG (supplementary figure S4b),
and 288 genes were categorized into 46 GO functional under
three main categories—"“Cellular component,” “Biological
process,” and “Molecular function” (supplementary figure
S4c).

To figure out putative genes responsible for high concen-
tration FA tolerance, transcriptional level of significantly
changed genes in yl-XYL + *FA*4 was investigated careful-
ly. GO directed acyclic graphs were drawn for visualizing
potential genes having most significant differences in the
evolved strain (supplementary figure S5). In acyclic graphs,
branches represented inclusion relationships, and the range of
defined KEGG channels became smaller from top to bottom.
It was found that features with significant differences mainly
matched with categories of “integral component of mem-
brane,” “xenobiotic transmembrane transporting ATPase ac-
tivity,” and “drug transport.” Meanwhile, significantly
enriched function-gene interaction network diagrams were
drawn to better understand the relationship between genes
and various functions (supplementary figure S6). Brandt
et al. (2019) summarized the inhibitor tolerance mechanisms
in S. cerevisiae, including direct mechanisms (such as remov-
ing inhibitors by multidrug transporters and enzymatic detox-
ification), indirect mechanisms (such as producing protectant
to repair membranes and proteins), and other mechanisms like
regenerating cofactors to aid in the detoxification. Based on
inhibitor tolerance mechanisms in S. cerevisiae and the ob-
tained functional-gene interaction network diagram (supple-
mentary figure S6), it was suspected that the good growth of
yI-XYL + *FA*4 with 1.5 g/L FA was trigged by changing in
multiple “direct and indirect” elements, including these be-
long to “integral component of membrane,” “xenobiotic trans-
membrane transporting ATPase activity,” “drug transmem-
brane transporter activity,” and “drug transport.” In particular,
seven most possible target genes were selected for further
function demonstration.

>

Validation of transcriptome sequence results
by qRT-PCR

To verify the correctness of the transcriptome profiling, seven
potential genes for FA tolerance (YALIO C20265g,
YALIO B12188g, YALIO F17996g, YALIO E25201g,
YALIO F05984g, YALIO B18854g, and YALIO F16731g)
were re-checked by qRT-PCR. According to function
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analysis, YALIO E25201g and YALIO F17996g encode
multidrug resistance-associated proteins, which belong to
ATP-binding cassette (ABC) superfamily. They also associate
with GO function/term of transmembrane transporter activity,
transporter activity, drug transmembrane transporter activity,
xenobiotic transmembrane transporting ATPase activity, and
xenobiotic transmembrane transporter activity.
YALIO B12188g encodes a multidrug export protein which
matches with the plasma membrane function on GO term.
YALIO F05984g, YALIO B12188g, and YALIO F16731g
mainly involve in organic acid (such as carboxylic acid,
oxoacid) metabolism processes. The expression levels of these
seven target genes along with a reference gene actin, an en-
dogenous control for normalization, were determined by qRT-
PCR. As shown in Fig. 5, qRT-PCR results exhibited similar
tendency with the transcriptome results for selected target
genes.

Reverse engineering of key targets

Transcriptome and qRT-PCR results suggested the function
enhancements of seven genes, which involved with the mul-
tidrug resistance, multidrug transport, and other unknown
functions, may be responsible for the enhanced FA tolerance
ability of yl-XYL + *FA*4. Then, the seven target genes were
inserted into a replicable plasmid under a strong constitutive
TEFin promoter, and the verified recombinant plasmids were
introduced into the parental yl-XYL+ separately, resulting in
overexpressing strains yl-XYL + C20265g, yl- XYL +
B12188g, yI-XYL + F17996g, yl-XYL + E25201g, yl-XYL
+ F05984¢, yl-XYL + B18854g, and yl-XYL + F16731g.
Then, the recombinant strains were cultured with and without
0.5 g/L FA respectively.

[ ] RNA-seq
6 - B Rt-PCR

Relative expresstion level
(log,(FoldChange))

YALI0O_ YALI0O_ YALI0O_ YALIO_ YALIO YALI0 YALIO_
C20265g B12188g F17996g E25201g F05984g B18854g F16731g

Fig. 5 The expression level of potential target genes determined by
transcriptome sequencing and qRT-PCR. Error bars represent standard
deviation of the average of three biological replicates.
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The growth profiles of yl-XYL + C20265g, yI-XYL +  the parental yl-XYL+ when cultured with 0.5 g/L. FA. In de-
B12188g, and ylI-XYL + F17996g were basically similar to tail, the final ODg of these four strains were 8.4, 3.8, 4.0, and
that of the control strain yl-XYL+, or even worse. As well 6.8, compared to 3.1 of the control strain.
acknowledged that the introduction of replicable plasmids
and/or gene overexpression cassettes can bring extensive bur-  Vanillic acid tolerance of recombinant strains
den for host cells, which may be the reason for the unchanged
or decreased cell growth profiles. As depicted in Fig. 6, yl-  With the aforementioned information, at least four of the sev-
XYL + E25201g, yl-XYL + F05984¢, yI-XYL + B18854g, en potential target genes showed relation to the enhanced FA
and yl-XYL + F16731g exhibited better tolerance to FA than  tolerance ability of the evolved strain. Considering the similar
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structure between FA and vanillic acid, it was anticipated that
if the overexpression of these four target genes would
endow the parental strain with vanillic acid tolerance
ability. Therefore, yl-XYL + E25201g, yl-XYL +
F05984¢g, yl-XYL + B18854g, and yl-XYL + F16731g
were cultured in SC-S medium with 1 g/L vanillic acid.
As shown in Fig. 7, yl-XYL + E25201g, yl-XYL +
B18854g, and yl-XYL + F16731g exhibited enhanced
cell growth ability compared with the control strain. In
details, the ODggp of yl-XYL+ in SC-S-VA medium
reached value of 1.50 at 25 h, then remained almost
unchanged in the next 96 h. In contrast, the growth of
yl-XYL + E25201g, yl-XYL + B18854g, and yl-XYL +
F16731g increased steadily after 25 h, and the final ODygy
reached about 7.7, 5.1, and 5.8 respectively (Fig. 7a, c, e). It
showed that overexpression of YALIO E25201g,
YALIO B18854g, and YALIO F16731g can enhance paren-
tal strain’s tolerance to vanillic acid.

Discussion

Y. lipolytica is a famous microbial lipid-producing strain,
whereas when lignocellulosic biomass is applied as the sub-
strate, the lipid production of Y. lipolytica sharply decreases.
One of the main reasons for the decreased lipid production
with lignocellulosic substrates is the severe cell growth inhi-
bition caused by inhibitors. Enhancing the inhibitor tolerance
ability of relevant strains is a feasible method for microbial
lipid from lignocellulosic substrates. FA is one of the most
common inhibitors in lignocellulosic hydrolysate, especially
when alkaline pretreatments were applied to pretreat the lig-
nocellulosic substrates. In this study, a “non-rational” strategy
was provided to enhance the FA tolerance ability of
Y. lipolytica, which was initiated with adaptive evolution, con-
tinued with transcriptome profiles analyzation, and completed
with the potential gene targets identification by reversing en-
gineering (Fig. 1). This work provides new ideas for
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constructing engineered Y. lipolytica that can tolerate inhibi-
tors in lignocellulose hydrolysate.

First, a four-stage adaptive laboratory evolution experiment
was successively performed to enhance the FA tolerance of
Y. lipolytica for the first time. By continuously transferring the
original strain yl-XYL+ in YNBXFA medium (FA concentra-
tion was gradually increased from 0.5 to 1.5 g/L) for approx-
imately 3 months, an evolved Y. lipolytica strain which could
tolerate 1.5 g/L FA was obtained. As determined, 0.25 g/L FA
can inhibit more than 75% cell growth of the original strain yl-
XYL+ when it was cultured in YNBX medium. In contrast,
the evolved strain yl-XYL + *FA*4 could grow regularly in
YNBX medium with 1.5 g/LL FA. Similar to phenomena ap-
peared in the adaptive laboratory evolution of Rhodococcus
opacus (Kurosawa et al. 2015) and S. cerevisiae (Almario
et al. 2013), the time consumed for each evolution stage grad-
ually increased as the evolution proceeded. It was probably
because higher concentration of FA caused greater damage to
strains, thus it needed longer time to obtain the inhibitor resis-
tance characteristic. In the last stage of the adaptive laboratory
evolution experiment, the ODgq of evolved strains cultured
with 1.5 g/L. FA reached a stable value of about 5.0, which
was lower than that of the control strain cultured without FA.
This suggested that it was difficult to further improve strains’
tolerance to higher concentrations of FA. Considering the FA
concentration in lignocellulosic hydrolysate (e.g., NaOH
pretreated rice straw yielded 0.19 g/L FA (Hou et al. 2017),
acid pretreated corn stover yielded 0.38 g/L FA (Lopez et al.
2004); tolerance to 1.5 g/LL FA is enough to make the evolved
strain resist the FA in lignocellulosic hydrolysate, and thus the
evolution experiment was terminated. According to previous
studies, there are mainly two ways for selecting samples for
the next round of evolution in adaptive laboratory evolution
experiments: selecting a mixture of evolved strains and
selecting one colony (Dragosits and Mattanovich 2013;
Sandberg et al. 2019). In this study, only one colony with an
excellent phenotype was selected for the next round of evolu-
tion during the experiment. Based on the adaptive laboratory
evolution hypothesis that strains with an excellent phenotype
may carry more favorable mutations, we believe this operation
can enable more advantageous mutations to be inherited, en-
suring the effectiveness of domestication. Moreover, this op-
eration can also make sure that there is a clear genetic rela-
tionship between the selected strains at each stage, which will
make it easier to analyze the genetic backgrounds of evolved
strains.

To explore the mechanisms of enhanced FA tolerance of
the evolved strain, transcriptomic profiles of the evolved strain
and the parental strain were analyzed. The expression levels of
genes in the PPP pathway and TCA cycle were similar in these
two strains, indicating that the hexose metabolism was not
affected by the adaptive laboratory evolution. Some genes
involved in amino acids metabolism changed in the evolved

strain. In detail, five genes involved in the biosynthesis of
isoleucine, lysine, glutamate, and glycine were upregulated
varying from 2.621-fold to 3.010-fold. A gene involved in
the serine to pyruvate pathway was upregulated, implying that
the intracellular serine concentration maybe slightly de-
creased. Reactive oxygen species (ROS) accumulation is
commonly considered the main reason for the inhibition of
phenolics because excess intracellular ROS will damage
DNA and inhibit protein and RNA synthesis. Many researches
have proved that glutathione and catalase could reduce the
accumulation of ROS (Qi et al. 2015, Qiu et al. 2015).
Whereas, three genes related to glutathione transport and syn-
thesis (YALIO B20416g, 0.495-fold; YALIO A06743¢g,
0.487-fold; YALIO E02310g, 0.404-fold), and two genes re-
lated to catalase (YALIO E34265g, 0.131-fold and
YALIO E34749¢, 0.080-fold) (Ask et al. 2013, Chen et al.
2019) were downregulated in the evolved strain. Therefore,
there must be other alterations contributing to the FA tolerance
of the evolved strain.

The constant FA concentration in medium excluded the pos-
sibility that Y. lipolytica could degrade FA. According to the
reported inhibitor resistance mechanism in S. cerevisiae (Brandt
et al. 2019), the expression changes of genes related to multi-
drug transport and multidrug resistance were investigated.
Based on significant GO-directed acyclic graphs of biological
processes (supplementary figure S5) and significantly enriched
function-gene interaction network diagram (supplementary fig-
ure S6), five genes involved in drug resistance and drug trans-
port were significantly upregulated. They were
YALIO C20265g, YALIO E25201g, YALIO F17996g,
YALIO F05984¢g, and YALIO B12188g. The growths of yl-
XYL + C20265g, yl-XYL + B12188g, and yl-XYL + F17996¢
were similar to that of the control strain, or even worse when
cultured with 0.5 g/L FA, which may be because the extensive
pressure brought by overexpression of those genes was greater
than the enhanced FA resistance in those strains. Whereas, the
maximum ODg, of recombinant strains yl-XYL + E25201g
and yl-XYL + F05984¢g in SC-S-FA medium were 2.70-fold
and 1.23-fold higher compared with that of the control strain,
respectively (Fig. 6). YALIO F05984g is a homologous gene
of Tnalp in S. cerevisiae, but no researches have showed Tnalp
was related to phenolics tolerance. For YALIO E25201g, no
homologous gene was not reported, let alone its function.
According to previous studies, phenolic compounds can embed
in, or even break and pass through the cell membrane,
disrupting cell’s normal metabolism due to their lipophilic
properties (Mansfield et al. 2012, Xu et al. 2019). Many genes
matching with GO classified of integral component of mem-
brane (such as YALIO B18854g and YALIO F16731g) in the
evolved strain were upregulated. This may be one of the rea-
sons for the enhanced tolerance to FA of the evolved strain.
Reverse metabolic engineering validated that overexpression of
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YALIO B18854gand YALIO F16731g did enhance the paren-
tal strain’s tolerance to FA (Fig. 6).

The recombinant strains yl-XYL + E25201g, yl-XYL +
B18854g, and yl-XYL + F16731g also obtained enhanced
vanillic acid tolerance (Fig. 7), which indicated that
YALIO B18854g and YALIO F16731g maybe played a key
role in resisting to multiple phenolic acid inhibitors in
Y. lipolytica. YALIO B18854g encodes alpha/beta hydrolase,
and its homologous gene MGL2 was found in S. cerevisiae.
YALIO F16731g’s function was unknown but its homolo-
gous gene Lpx1 was found in S. cerevisiae. There have been
no direct evidences suggest that MGL2 and Lpx1 are
related to phenolics tolerance in previous studies.
Whereas, Wu and colleagues found that disruption of
an unknown alpha/beta hydrolase made Kluyveromyces
marxianus more susceptible to lignocellulose-derived in-
hibitors (Wu et al. 2020). This may partly explain the
enhanced tolerance to FA and vanillic acid of yl-XYL +
B18854g and yl-XYL + F16731g. Interestingly, not all
genes mapping integral membrane protein were upregu-
lated, such as YALIO F08349g (0.429-fold), suggesting
the complexity of membrane protein functions and the
necessity of re-exploring these proteins.

Overall, adaptive laboratory evolution was first applied to
improve FA tolerance of Y. lipolytica yl-XYL+. As a result, an
excellent strain yl-XYL + *FA*4, which can survive well with
1.5 g/L FA, was obtained. The results of transcriptomic analysis
and reverse metabolic engineering showed that the overexpres-
sion of two multidrug resistance-associated proteins
(YALIO E25201g and YALIO F05984g) and two integral
membrane proteins (YALIO B18854g and YALIO F16731g)
in the evolved strain contributed to the FA tolerance improve-
ment. Moreover, three of the four target genes were also dem-
onstrated playing an important role in VA resistance. Efforts
have been made to find out the reason why these four targets
were upregulated by sequencing the promoter regions of the
four targets, but the results suggested that there were no muta-
tions in the promoter regions of these four targets (supplemen-
tary table S4). The specific mechanisms why these targets were
upregulated remain to be further studied, and the whole-
genome sequencing can provide more information about the
evolved strain. Maybe, the expressional level changes of these
four targets were inspired by the mutation of some transcrip-
tional regulatory factors. Our work paves the way for using
non-conventional yeast of Y. lipolytica as chassis cell to convert
lignocellulosic hydrolysates effectively into biofuels and other
chemicals.
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