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Abstract

Background Significant genetic diversity exists across Saccharomyces strains. Natural isolates and domesticated
brewery and industrial strains are typically more robust than laboratory strains when challenged with inhibitory
lignocellulosic hydrolysates. These strains also contain genes that are not present in lab strains and likely contribute
to their superior inhibitor tolerance. However, many of these strains have poor sporulation efficiencies and low
spore viability making subsequent gene analysis, further metabolic engineering, and genomic analyses of the strains

challenging. This work aimed to develop an inhibitor tolerant haploid with stable mating type from S. cerevisiae
YB-2625, which was originally isolated from bagasse.

Results Haploid spores isolated from four tetrads from strain YB-2625 were tested for tolerance to furfural and HMF.
Due to natural mutations present in the HO-endonuclease, all haploid strains maintained a stable mating type.

One of the haploids, YRH1946, did not flocculate and showed enhanced tolerance to furfural and HMF. The tolerant
haploid strain was further engineered for xylose fermentation by integration of the genes for xylose metabolism

at two separate genomic locations (hoA and pho13A). In fermentations supplemented with inhibitors from acid
hydrolyzed corn stover, the engineered haploid strain derived from YB-2625 was able to ferment all of the glucose
and 19% of the xylose, whereas the engineered lab strains performed poorly in fermentations.

Conclusions Understanding the molecular mechanisms of inhibitor tolerance will aid in developing strains

with improved growth and fermentation performance using biomass-derived sugars. The inhibitor tolerant, xylose
fermenting, haploid strain described in this work has potential to serve as a platform strain for identifying pathways
required for inhibitor tolerance, and for metabolic engineering to produce fuels and chemicals from undiluted
lignocellulosic hydrolysates.
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Background
To generate biomass-derived sugars for producing
renewable fuels and chemicals using microbial
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and leads to the production of an array of compounds
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(e.g., furan aldehydes, aliphatic acids, and phenolic
compounds) that inhibit growth and fermentation
(reviewed in [2, 3]). Because the presence of inhibitors is
a barrier to efficient use of lignocellulosic hydrolysates,
multiple approaches to removing or detoxifying the
inhibitors have been investigated [4]. However, removing
inhibitors is expensive [5] and pre-treatment methods
that produce fewer inhibitors tend to vyield fewer
monomer sugars. Also, a detoxification phase can remove
significant amounts of total fermentable sugars [5]. Thus,
strains capable of robust fermentation in undiluted
hydrolysates are required.

Many studies to identify genes involved in inhibitor
tolerance focus on lab strains due to their ease of use
[6-12]. When industrial strains are used, they are often
used in combination with deletion or expression of
target genes in a haploid lab strain [13-16]. For example,
Van Dijk et al. used an industrial strain to identify RNA
transcripts that changed with short-term adaptation to
lignocellulosic inhibitors [17]. Target genes identified
in the industrial strain were then separately deleted
and over expressed in the lab strain BY4741. This study
highlights several of the benefits of using haploid strains
compared to strains of higher, and possibly unknown,
ploidy. These benefits include availability of auxotrophic
markers (e.g., leu2A0, ura3A0, etc.) for selection and
maintenance of plasmids, and ease of single copy gene
deletion [18]. For adapted or evolved strains, analysis of
the haploid genome is also simpler compared to analyses
performed with strains of higher ploidy.

To mitigate toxicity of HMF and furfural, these
inhibitory compounds are converted to less toxic
alcohols by NAD(P)H-dependent oxidoreductases [19].
Some strains show an increased ability to remove furan
inhibitors and previous screens with lignocellulosic
hydrolysates and inhibitors such as furfural and HMF
identified several S. cerevisiae strains with enhanced
resistance [20]. As with many studies starting with
natural isolates, and brewing or industrial strains, it is
often challenging to validate the target gene in the same
genetic background. This stems partly from the fact
that many industrial strains or brewing strains do not
readily sporulate and show poor spore viability [21—
23]. Developing stable haploid strains from inhibitor
tolerant natural isolates will facilitate identification and
subsequent analysis of genes important for growth in
undiluted hydrolysates.

In the work presented here, we identified a tolerant
haploid strain with stable mating type that is derived
from the inhibitor tolerant diploid strain YB-2625,
originally isolated from bagasse. The haploid strain
was then engineered for xylose fermentation by
genome integration of the xylose reductase and xylitol
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dehydrogenase genes from Scheffersomyces stipitis and
an additional copy of the S. cerevisiae xylulokinase
gene. The effect of deleting PHO13, a loss-of-function
mutation commonly identified in screens for enhanced
xylose utilization, was also investigated in this genetic
background. Lastly, the engineered haploid strain was
compared to other commonly used haploid lab strains
and showed superior inhibitor tolerance, growth on
xylose, and fermentation performance in the presence of
inhibitors derived from acid hydrolyzed corn stover.

Results and discussion

Generating and screening haploid strains for tolerance

to furfural and HMF

In previous work comparing over 160 Saccharomyces
strains from distilleries, breweries, and natural
environments, we demonstrated that Saccharomyces
cerevisiae strain YB-2625 showed enhanced tolerance
to furfural and 5-hydroxymethylfurfural (HMF), as well
as high concentrations of acid hydrolyzed corn stover
[20]. In that work, the diploid strain was sequenced
and shown to contain multiple genes associated with
increased inhibitor tolerance. Nucleotide sequences
obtained from the diploid strain revealed that the
HO-endonuclease responsible for mating type
switching in haploid strains [24] was homozygous and
contained 11 single nucleotide polymorphisms (SNPs)
and a 36 base pair deletion. Seven of the SNPs and a
similar deletion in the DNA-binding domain were
previously shown to render HO non-functional [25-
27]. The lack of functional HO allows the formation of
haploids with a stable mating type after sporulation.
To identify inhibitor tolerant haploids, YB-2625 was
sporulated and four 4-spore tetrads were dissected to
YPD plates. Each haploid was tested for its ability to
grow in the presence of furfural and HMF (data not
shown). From the 16 haploids tested, four haploids
(i.e, one from each ascus) grew well in the presence
of furfural or HMF (Additional file 1 and Additional
file 2). Of the four tolerant haploid strains, three
showed substantial flocculation and were not selected
for further analysis. One haploid, designated strain
YRH1946, did not flocculate and was further compared
to its parent diploid YB-2625 for growth in the
presence of furfural and HMF (Fig. 1). YRH1946 grew
well in the presence of furfural or HMF but did show
a slight decrease in tolerance compared to the diploid
parent strain. A similar decrease in tolerance was
seen with haploids derived from the diploid Brazilian
industrial ethanol-producing strain PE-2 [28] and it’s
been postulated that a higher surface area/volume ratio
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Fig. 1 Microtiter plate growth assays with SD media in the presence of furfural (A, C) or HVIF (B, D). Panels (A, B) show growth of the diploid parent
strain YB-2625. Panels (C, D) show growth of the haploid strain YRH1946. Assays were performed at 30 °C with shaking every 60 s for 30 s. Error bars
represent the standard deviation of a minimum of three biological replicates

in haploid cells over diploid cells may lead to increased
intracellular concentration of the inhibitor in haploids.

Inhibitor tolerance compared to haploid laboratory strains
The haploid strain YRH1946 was also compared to
commonly used haploid laboratory strains BY4741 and
CEN.PK2-C, with respect to growth in the presence
of varying levels of furfural and HMF (Fig. 2). In the
presence of furfural, YRH1946 grew better than both
haploid lab strains, demonstrating shorter lag phase.
With 15 mM furfural, YRH1946 started growing after
20 h, whereas the haploid lab strains were not able
to grow at this concentration. None of the strains
showed growth at 24 h in the presence of 20 mM
furfural. YRH1946 was able to grow at the highest
concentration of HMF tested while both lab strains
grew poorly at HMF concentrations above 15 mM.
When compared to laboratory strains, most industrial
strains also show better performance when challenged
with lignocellulosic inhibitors or oxidative stress [29,

30]. Furfural and HMF are known to induce oxidative
stress, suggesting a role for the transcription factor
YAPI in tolerance to these inhibitors [8, 31]. Increased
expression of genes regulated by YAPI was seen as a
common trait among six diverse S. cerevisiae strains
analyzed in response to hydrolysate inhibitors [32].
Kim et al. 2013 [8] showed that increased expression
of YAPI in lab strain BY4741 led to a significant
increase in tolerance to furfural and HMF. That study
also showed that overexpressing YAPI target genes for
catalase (i.e., CTT1 and CTAI) increases tolerance to
furfural and HMF. In contrast, increased expression
of the transcription factor gene YAPI did not lead
to increased tolerance using the inhibitor tolerant
YB-2625 strain [33]. Transcriptional analysis of
YB-2625 compared to S288C (the parent background
of strain BY4741) showed both an increase in catalase
activity and expression of Yapl regulated genes CTT1
and CTAI [34] in YB-2625, indicating that mechanisms
for increased tolerance are inherent in YB-2625. In
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Fig. 2 Microtiter plate growth assays with SD media in the presence of furfural (A, C, E) of HMF (B, D, F). Panels (A, B) show growth of the haploid
lab strain BY4741. Panels (C, D) show growth of the haploid lab strain CEN.PK2-1C. Panels (E, F) show growth of the haploid strain YRH1946. Assays
were performed at 30 °C with shaking every 60 s for 30 s. Error bars represent the standard deviation of a minimum of three biological replicates

this latter study, an increase in ergosterol synthesis
and expression of the pentose phosphate pathway
(PPP) genes SOLI, GND2, TKL2, and XKSI were also
observed in YB-2625. GND (6-phosphogluconate

dehydrogenase) and TKL (transketolase) activities
were also previously shown to be required for
tolerance to furfural [12], further indicating that
increased tolerance to furfural and HMF in the
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YB-2625 genetic background, including the haploid
derivative YRH1946, may be a direct result of natural
upregulation of these activities.

Metabolic engineering and comparison of aerobic xylose
utilization

The wild type diploid bagasse isolate YB-2625, and
YB-2625 engineered for xylose fermentation, were
previously shown to have enhanced xylose metabolism
compared to other natural S. cerevisiae isolates and
lab strains [34, 35]. To determine if enhanced xylose
metabolism was a trait that segregated with the inhibitor
tolerant haploid YRH1946, the Scheffersomyces stipitis
XYL1 and XYL2 genes for xylose reductase and xylitol
dehydrogenase were integrated into the genome. An
additional copy of S. cerevisiae xylulokinase, XKS1, was
also integrated into the genome at the same location.
For integration of genes required for xylose metabolism
in YRH1946, two versions of the xylose-metabolizing
haploids were constructed by targeting two different
genomic regions. In strain YRH2121, integration was
targeted to the HO gene [YRH1946+hoA:Ppgy;-
XYLI-Tpgs  Paprr-XYL2-Typys;  Pryrs XKS1-Tyxrs).
Integration in this region has been shown to not affect
cell growth [36]. In YHR2066, integration was targeted
to replace the PHOI3 gene, resulting in its deletion
[YRH1946 + pho13A:Ppey;-XYLI-Togrs  Papp-XYL2-
Typus PrxrXKSI1-Tyyr;). PHO13 deletion increases flux
through the PPP and has been shown to increase growth
on xylose [37, 38]. In a previous study with xylose-
adapted lab strain CEN.PK2-1C, we also found a phol3
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loss-of-function mutation in the evolved strain that was
essential for its increased in growth on xylose [39].

To generate xylose fermenting strains in haploids
BY4741 and CEN.PK2-1C, the genes for xylose utilization
were also targeted to replace PHO13. We first compared
growth of the strains on glucose containing medium to
ensure integration into the genome did not affect glucose
metabolism or growth in general (Fig. 3A). All strains
grew well when using glucose as a carbon source and
no differences were observed between strains. We next
analyzed growth using xylose as the only available carbon
source (Fig. 3B). Deletion of PHOI13 in other genetic
backgrounds results in a significant increase in growth
on xylose [30, 37, 38]. Based on these previous results
with deleting PHO13 we expected to see a larger increase
in growth on xylose for strain YRH2066 (phol3A)
compared to YRH2121 (PHO13). While YRH2066 with
phol3A grew slightly better than strain YRH2121, in
which the genes for xylose utilization were integrated
at HO, the increase in growth was not of the order of
magnitude seen in previous studies using different
genetic backgrounds. One possible explanation for
this result is that the strain is starting with a metabolic
profile more optimized for growth on xylose compared
to other strains. As mentioned above, transcriptional
analysis of YB-2625 indicates that genes require for
increased growth on xylose (i.e., PPP genes SOLI, GND2,
TKL2, and XKS1) are already elevated [34]. Additionally,
PHOI3 expression was shown to decrease ~threefold
in YB-2625 when grown on xylose/glucose mixtures
[34]. This inherent reduction in PHOI3 expression in
YB-2625 likely contributes to the strain’s ability to grow
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Fig. 3 Microtiter plate growth assays with YPD (A) or YP5X (B). Assays were performed at 30 °C with shaking every 60 s for 30 s. Error bars represent
the standard deviation of a minimum of three biological replicates. Strain descriptions: YRH1946 (haploid derived from YB-2625), YRH2066 (YRH1946
with genes for xylose metabolism integrated at pho13A), YRH2073 (haploid lab strain BY4741 with genes for xylose metabolism integrated

at pho13A), YRH2074 (haploid lab strain CEN.PK2-1C with genes for xylose metabolism integrated at pho13A). YRH2121 (YRH1946 with genes

for xylose metabolism integrated at hoA)
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Fig. 4 Fermentations using minimal media with corn stover
hydrolysate; pH 5.0. Fermentation cultures were inoculated
to an initial ODg, of 0.05. Fermentations were performed at 30 °C
with stirring at 140 rpm. Error bars represent the standard deviation
of a minimum of three biological replicates. Strain descriptions:
All strains are engineered with genes for xylose metabolism
integrated at pho13A YRH2066 (engineered version of YRH1946),
YRH2073 (engineered version of haploid lab strain BY4741), YRH2074
(engineered version of haploid lab strain CEN.PK2-1C)

Table 1 Furfural and HMF remaining at 96 h

Strain Parent Furfural [g/L] HMF [g/L]
YRH2066 YRH1946 0.00£0.001 0.01£0.002
YRH2073 BY4741 0.32£0.095 0.33£0.019
YRH2074 CEN.PK2-1C 0.00+0.000 0.13£0.043

Initial furfural and HMF concentrations present in the medium were 1.21 g/L
and 0.44 g/L, respectively. Each parent strain listed above was engineered in the
same manner to replace PHO13 with the genes required for xylose fermentation
(i.e., pho130:Pogy-XYLT-Togysi Papri-XYL2-Typpi Prxr7XKS1-Tpr7). Data shown are
the mean values determined from at least three biological replicates + standard
deviations

well on xylose containing medium when compared to
other natural isolates and lab strains [35] and may explain
why deletion of the PHOI3 gene results in a smaller
than expected improvement in growth on xylose in this
genetic background.

Table 2 Fermentation products and carbon recovery
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Fermentation analysis in the presence of inhibitors

from corn stover hydrolysate

We next compared the xylose engineered haploid strains
for ability to overcome inhibitors from acid hydrolyzed
corn stover (Fig. 4). Fermentations were started at a low
cell density in 50 mL of minimal medium supplemented
with corn stover hydrolysate (CSH) for a final
concentration of ~ 12 mM furfural. The CSH used for this
study was prepared to generate high levels of inhibitory
compounds, not for abundant monomer sugars. As
such, CSH concentrations of glucose and xylose were
extremely low and glucose and xylose were added to the
fermentation at 40 g/L each.

Among the haploid lab strains, YRH2073, with
BY4741 as the parent strain, failed to ferment even
the glucose in these conditions, although furfural and
HMF concentrations were reduced after 96 h (Table 1).
YRH2074, with CEN.PK2-1C as the parent, ended the
incubation period having lower levels of furfural and
HMEF than YRH2073. Consistent with the increased
removal of furfural and HMF compared to YRH2073, one
of the three biological replicates for YRH2074 started to
ferment glucose toward the end of the fermentation, with
complete removal of furfural observed (Table 1).

Strain YRH2066 detoxified all of the furfural and HMF,
and ethanol production started after a 12-h lag phase
(Fig. 4). This strain also consumed all glucose present,
some of the xylose, and produced 19.5 g/L of ethanol
with an 80% theoretical ethanol yield based on sugars
consumed (Table 2). Approximately half of the xylose
consumed was directed toward producing xylitol instead
of ethanol, resulting in a lower theoretical ethanol
yield (80.4%) than typically seen when glucose is the
only carbon source. In comparison, the engineered lab
strains YRH2073 and YRH2074 showed limited sugar
consumption in the presence of corn stover hydrolysate
and only produced 1.1 and 4.8 g/L ethanol, respectively.

Conclusions

This study sought to develop a stable haploid strain
derived from an inhibitor tolerant diploid isolate,
YB-2625, that was isolated from bagasse. YB-2625

Strain Glucose consumed Xylose Consumed Ethanol [g/L] Ethanol gethanol/Isugar Xylitol [g/L] Carbon
[g/L] [g/L] Recovery
(%)
YRH2066 404+0.04 74+0.22 19.5+0.15 041+0.003 34+0.13 9%+14
YRH2073 26+059 03+0.17 1.1+£0.17 0.47+0.085 0.0+0.08 90+17
YRH2074 11.2£431 1.3£061 48+215 0.39+0.027 0.2+0.10 91£6.3

Fermentations were performed in batch under anaerobic conditions using corn stover hydrolysate diluted to a final concentration of 12 mM furfural (1.2 g/L). Glucose
and xylose were supplemented at 40 g/L each and yeast nitrogen base was added as a nitrogen source. Data shown are the mean values determined from at least

three biological replicates + standard deviations
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Table 3 Plasmids and strains
Plasmid Description References
HO-poly-KanMX4-HO Vector for targeted integration at the HO locus [36]
pRS416 pBluescript Il SK+, URA3, CEN6, ARSH4 [42]
pRH274 PRSA16+ Pocir XYL T-Toeri Paori XYL2-Tupuars Pooir XKST-Tirs 43]
pRH277 HO-poly-KanMX4-HO + P peyi-XYLT-Tperi P aprirXYL2-T apirs Prase XKST-T iy [35]
pRH1015 PRS416+[pho13 homologyl—PpeiXYLT-Tpssi PapriXYL2-T o Pryr7XKS 1-Tpyr—Ipho13 This study
homology]
Strains Genotype References
BY4741 MATa ura3A\0 leu2A0 his3AT met15A0 [18]
CEN.PK2-1C MATa ura3-52 trp1-289 leu2-3_112 his3A1 MAL2-8% SUC2 EUROSCARF
YB-2625 S. cerevisiae Diploid isolated from bagasse ARS?
YRH1943 MAT a Haploid 1B isolated from YB-2625 Tetrad #1 This study
YRH1944 MAT alpha Haploid 2A isolated from YB-2625 Tetrad #2 This study
YRH1945 MAT alpha Haploid 3B isolated from YB-2625 Tetrad #3 This study
YRH1946 MAT alpha Haploid 4B isolated from YB-2625 Tetrad #4 This study
YRH2066 YRH1946 pho130:Ppei-XYLT-Tockri PaourXYL2-Tappni Proa7XKS1-Toxrr This study
YRH2073 BY4741 pho138:P i XYLT-Toekri Paomi XYL2-Tupsiss Poir XKS1-Tyrs This study
YRH2074 CEN.PK2-1C pho 130:PogkrXYLT1-Tocksi Paori-XYL2-Taprsi Prsr7XKST-Trrs This study
YRH2121 YRH1946 hOA:P o XYLT-Tocri Paopi XYL2-Tapuiss Poscrr XKS =Ty KanMx This study

2 Strains were obtained from the ARS Culture Collection at the National Center for Agricultural Utilization Research, Peoria, IL, USA

was chosen for this study based on its increased
ability to metabolize xylose compared to other
natural isolates and lab strains as well as its superior
inhibitor tolerance compared to over 160 strains
isolated from breweries, distilleries, and natural
environments. YB-2625 sporulates well, vyielding
4-spore tetrads with high spore viability and varied
degrees of inhibitor tolerance. Due to the mutations
in the HO gene, haploids derived from YB-2625 show
a stable mating type. Our results show that haploid
strain YRH1946, isolated from YB-2625, maintains
much of the inhibitor tolerance demonstrated by the
parent strain. Compared to commonly used haploid
lab strains, YRH1946 exhibited superior tolerance
when grown in the presence of furfural and HMF.
When engineered for xylose metabolism, this strain
(YRH2066) also significantly outperformed the other
haploid strains. Understanding inhibitor tolerance
at a genetic level will help engineering efforts toward
developing S. cerevisiae strains with improved growth
and productivity when using biomass-derived sugars.
The inhibitor tolerant, xylose fermenting, haploid
strain described in this work has potential to serve
as a platform strain for producing fuels and chemical
from undiluted lignocellulosic hydrolysates. Further
analysis of the inhibitor tolerant haploid strain’s
genome, especially in comparison to non-tolerant
haploids from the same genetic background, will

enable identification of genes and pathways involved in
tolerance to lignocellulosic hydrolysates.

Table 4 DNA oligonucleotides

DNA oligomer # Sequence (5" to 3')

7 GTGAACGTTACAGAAAAGCAG

28 GGACTAGTGTATATGAGATAGTTGATTGT

763 AAGTGGCTTGAGCTGTGGATAAGAAAAGC

764 TAATCGTCATCATTTTATTCACACCTCCGGAT

783 GAACACTTTTATTAATTCATGATCACGCTC

845 CATACCTCGCTCTGCTAATC

1029 GTTTGGCAGAGTTGGATGAATG

pho13D-F GTTGGCCGATTCATTAATGCAGCTGGAGAT
ACATACGTTTGTGTATACTATGCTTCTTTA
TCAACTCAAGTTTTGTAGAGGAAGACGTTG
AAGATGGTGATGTGACATCTTTACTATTCT
CCAGCACGTTTTCAGTATTTACTTAATCGT
ATATTAATGACGTCCCTTATCTATTAACTT
TCCGG C TTTCGGTGAATGTTC
TTTCCGTTTTAGTGAGCACGACAGGTTTCC
CGACTGGAAA

pho13D-R2 GGCCTCTTCGCTATTACGCCAGCTGCAAAT

CATACAACTTACATAAAAACAACAAACCTG
AATATTTTTCCTTTTCAAAAAGTAATTCTA
CCCCTAGATTTTGCATTGCTCCTCTATAAC
TCATTATTGGTTAAGGTGTAGATGTCACCA
AGTTTATCAATGTAAAATTTAGGTCTTGGA
TAATCGTGCGAAATCTTCAAGGCTCTCTCT
TCGGTTTCAATACCAGCGAAAGGGGGATGT
GCTGCAAGGC
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Methods

Strains, media, and general methods

Media preparation, cell growth, transformation, and
statistical analyses were performed as previously
described [41]. All plasmids and microorganisms used
in this study are listed in Table 3. DNA oligonucleotides
used in this study are listed in Table 4. YB-2625 cells were
sporulated and haploid strains were dissected from yeast
tetrads on YPD plates as described in [28].

Plasmid and strain construction

Plasmid pRH1015 was made by digesting pRH274
with Pvull which cuts at sites flanking the genes for
xylose metabolism. Pvull digested pRH274 was then
incubated with DNA fragments containing homology to
direct integration to the PHO13 gene in S. cerevisiae in
a NEBuilder HiFi DNA assembly reaction, according to
the manufacturer’s protocol (NEB). The DNA fragments
were also flanked with 25 bp of homology to direct
integration at the Pvull sites of pRH274. DNA fragments
(HiFi gBlocks) were purchased from IDT (Corvallis,
IA, USA). PCR amplification of the resulting plasmid
pRH1015 using primer pairs 845/28 and 7/783 confirmed
that PHO13 sequences were integrated into the plasmid.
Plasmid pRH1015 was also sequenced to confirm that no
mutations were generated during the cloning steps.

Yeast strains YRH1946, BY4741, and CEN.PK2-1C
were transformed with Pvull—linearized pRH1015
using a standard lithium acetate transformation method
[44]. Cells were plated to YP5X plates to select for
isolates capable of growth on xylose as a carbon source.
Integration of the plasmid fragment and deletion of the
PHOI3 gene in colonies growing on xylose medium was
confirmed by PCR with primers 763/28 and 1029/764.

Inhibitor tolerance and growth kinetics

Cells were grown in xylose medium using the Bioscreen
C™ automated microbiology growth curve analysis
system (Growth Curves USA; Piscataway, NJ, USA),
which features 100 micro-well culture plates. Growth
assays were performed essentially as described in [45].
Each strain was analyzed in at least quadruplicate using
separate biological replicates.

Corn stover hydrolysate (CSH) preparation

CSH was made as previously described [46] using 0.75%
H,SO,, 10% solids and heating to 200 °C at 50 rpm with a
10 min hold. The CSH was adjusted to pH 5.0 using solid
Ca(OH),, filtered, and furfural, HMF, acetate and glucose
concentrations were measured via high performance
liquid chromatography (HPLC) [46]. This pretreatment
method typically resulted in CSH with furfural, HMF
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and acetate concentrations of 52 mM, 11 mM, and
3 g/L, respectively. The CSH was not subjected to
enzymatic digestion to fully release the simple sugars as
we were only interested in the impacts of the inhibitors.
Hydrolysate was stored at —20 °C for later use.

CSH Fermentation analysis

CSH fermentation analysis was performed essentially
a described in [20]. Strains were cultured (50 mL) in
parallel with minimal media containing CSH. Cultures
were inoculated to an ODgy, of 0.05 using cells from
an overnight YPD culture. The amount of CSH used in
the cultures was such that the final concentration of
furfural was roughly 12 mM (1.2 g/L). The cultures were
incubated at 30 °C and 140 rpm stirring. CO, production
was monitored using gas production measurement
system (Ankom Technologies; Macedon, NY, USA).
This system uses a sealed flask and measures pressure
increases due to CO, produced during fermentation. The
system was set to measure pressure at 10 min intervals
and vent when the pressure in the vessel reached 1 psi.
At 96 h, samples of 1 mL each were taken to analyze
residual sugars and the products formed by HPLC,
following procedures reported in [45]. All experiments
were performed using three biological repeats and
all fermentation data calculations (i.e., yields, rates,
and carbon recoveries) were performed as previously
described [45].

Statistical analyses

For experiments with three or greater biological
replicates, probability analyses were performed using
Student’s t-test with a two-tailed distribution and
compared to the appropriate control strain. p<0.05 was
considered significant for this study. Statistical analysis
was performed using Microsoft Excel.
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three biological replicates.



https://doi.org/10.1186/s13068-023-02442-9
https://doi.org/10.1186/s13068-023-02442-9

Hector et al. Biotechnology for Biofuels and Bioproducts (2023) 16:190

Author contributions

REH performed the molecular biology, cell growth, fermentation assays, and
wrote the original draft, JAM isolated haploid strains from the diploid parent,
prepared acid hydrolyzed corn stover, performed initial inhibitor tolerance
screening assays, and revised the manuscript. NNN supervised the work and
revised the manuscript. All authors read and approved the final manuscript.

Funding

This work was supported by U.S. Department of Agriculture, Agricultural
Research Service, United States (CRIS Number 5010-41000-190-00D). Mention
of trade names or commercial products in this article is solely for the purpose
of providing scientific information and does not imply recommendation

or endorsement by the U.S. Department of Agriculture. USDA is an equal
opportunity provider and employer.

Availability of data and materials
The data that support the findings of this study are included within the article
or the additional files.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 19 September 2023 Accepted: 27 November 2023
Published online: 06 December 2023

References

1. Kumari D, Singh R. Pretreatment of lignocellulosic wastes for biofuel
production: a critical review. Renew Sust Energy Rev. 2018,90:877-91.

2. BrandtBA, Jansen T, Gérgens JF, Zyl WH. Overcoming lignocellulose-
derived microbial inhibitors: advancing the Saccharomyces cerevisiae
resistance toolbox. Biofuels, Bioprod Biorefin. 2019;13(6):1520-36.

3. Klinke HB, Thomsen AB, Ahring BK. Inhibition of ethanol-producing yeast
and bacteria by degradation products produced during pre-treatment of
biomass. Appl Microbiol Biotechnol. 2004;,66(1):10-26.

4. KumarV, Yadav SK, Kumar J, Ahluwalia V. A critical review on current
strategies and trends employed for removal of inhibitors and toxic
materials generated during biomass pretreatment. Bioresour Technol.
2020;299: 122633.

5. Larsson S, Reimann A, Nilvebrant NO, Jonsson LJ. Comparison of different
methods for the detoxification of lignocellulose hydrolyzates of spruce.
Appl Biochem Biotechnol. 1999;77-9:91-103.

6. Wright J, Bellissimi E, de Hulster E, Wagner A, Pronk JT, van Maris AJ.
Batch and continuous culture-based selection strategies for acetic acid
tolerance in xylose-fermenting Saccharomyces cerevisiae. FEMS Yeast Res.
2011;11(3):299-306.

7. Wu G, Xu Z, Jonsson LJ. Profiling of Saccharomyces cerevisiae transcription
factors for engineering the resistance of yeast to lignocellulose-derived
inhibitors in biomass conversion. Microb Cell Fact. 2017;16(1):199.

8. Kim D, Hahn JS. Roles of the Yap1 transcription factor and
antioxidants in Saccharomyces cerevisiae’s tolerance to furfural and
5-hydroxymethylfurfural, which function as thiol-reactive electrophiles
generating oxidative stress. Appl Environ Microbiol. 2013;79(16):5069-77.

9. Adeboye PT, Bettiga M, Olsson L. ALD5, PAD1, ATF1 and ATF2 facilitate
the catabolism of coniferyl aldehyde, ferulic acid and p-coumaric acid in
Saccharomyces cerevisiae. Sci Rep. 2017,7:42635.

10. Larsson S, Nilvebrant NO, Jonsson LJ. Effect of overexpression of
Saccharomyces cerevisiae Pad1p on the resistance to phenylacrylic acids
and lignocellulose hydrolysates under aerobic and oxygen-limited
conditions. Appl Microbiol Biotechnol. 2001;57(1-2):167-74.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

1.

Page 9 of 10

Larsson S, Cassland P, Jonsson LJ. Development of a Saccharomyces
cerevisiae strain with enhanced resistance to phenolic fermentation
inhibitors in lignocellulose hydrolysates by heterologous expression of
laccase. Appl Environ Microbiol. 2001;67(3):1163-70.

Gorsich SW, Dien BS, Nichols NN, Slininger PJ, Liu ZL, Skory CD. Tolerance
to furfural-induced stress is associated with pentose phosphate pathway
genes ZWF1, GND1, RPET, and TKLT in Saccharomyces cerevisiae. Appl
Microbiol Biotechnol. 2006;71(3):339-49.

Petersson A, Aimeida JR, Modig T, Karhumaa K, Hahn-Héagerdal B,
Gorwa-Grauslund MF, et al. A 5-hydroxymethyl furfural reducing enzyme
encoded by the Saccharomyces cerevisiae ADH6 gene conveys HMF
tolerance. Yeast. 2006;23(6):455-64.

Almeida JR, Roder A, Modig T, Laadan B, Liden G, Gorwa-Grauslund MF.
NADH- vs NADPH-coupled reduction of 5-hydroxymethy! furfural (HMF)
and its implications on product distribution in Saccharomyces cerevisiae.
Appl Microbiol Biotechnol. 2008;78(6):939-45.

Laadan B, Aimeida JR, Radstrom P, Hahn-Hagerdal B, Gorwa-Grauslund
M. Identification of an NADH-dependent 5-hydroxymethylfurfural-
reducing alcohol dehydrogenase in Saccharomyces cerevisiae. Yeast.
2008;25(3):191-8.

Ding MZ, Wang X, Liu W, Cheng JS, Yang Y, Yuan YJ. Proteomic research
reveals the stress response and detoxification of yeast to combined
inhibitors. PLoS ONE. 2012;7(8): e43474.

van Dijk M, Rugbjerg P, Nygard Y, Olsson L. RNA sequencing reveals
metabolic and regulatory changes leading to more robust fermentation
performance during short-term adaptation of Saccharomyces cerevisiae
to lignocellulosic inhibitors. Biotechnol Biofuels. 2021. https://doi.org/10.
1186/513068-021-02049-y.

Brachmann CB, Davies A, Cost GJ, Caputo E, Li J, Hieter P, et al. Designer
deletion strains derived from Saccharomyces cerevisiae S288C: a useful
set of strains and plasmids for PCR-mediated gene disruption and other
applications. Yeast. 1998;14(2):115-32.

Liu ZL, Slininger PJ, Dien BS, Berhow MA, Kurtzman CP, Gorsich SW.
Adaptive response of yeasts to furfural and 5-hydroxymethylfurfural

and new chemical evidence for HMF conversion to 2,5-bis-
hydroxymethylfuran. J Ind Microbiol Biotechnol. 2004;31(8):345-52.
Mertens JA, Kelly A, Hector RE. Screening for inhibitor tolerant
Saccharomyces cerevisiae strains from diverse environments for use as
platform strains for production of fuels and chemicals from biomass.
Bioresour Technol Rep. 2018;3:154-61.

Johnston JR, Baccari C, Mortimer RK. Genotypic characterization of
strains of commercial wine yeasts by tetrad analysis. Res Microbiol.
2000;151(7):583-90.

Mozzachiodi S, Krogerus K, Gibson B, Nicolas A, Liti G. Unlocking the
functional potential of polyploid yeasts. Nat Commun. 2022;13(1):2580.
Loidl J. Meiotic chromosome pairing in triploid and tetraploid
Saccharomyces cerevisiae. Genetics. 1995;139(4):1511-20.

Kostriken R, Strathern JN, Klar AJ, Hicks JB, Heffron F. A site-specific
endonuclease essential for mating-type switching in Saccharomyces
cerevisiae. Cell. 1983;35(1):167-74.

Ekino K, Kwon |, Goto M, Yoshino S, Furukawa K. Functional analysis of HO
gene in delayed homothallism in Saccharomyces cerevisiae wy?2. Yeast.
1999;15(6):451-8.

Meiron H, Nahon E, Raveh D. Identification of the heterothallic mutation
in HO-endonuclease of S. cerevisiae using HO/ho chimeric genes. Curr
Genet. 1995;28(4):367-73.

Argueso JL, Carazzolle MF, Mieczkowski PA, Duarte FIM, Netto OV, Missawa
SK, et al. Genome structure of a Saccharomyces cerevisiae strain widely
used in bioethanol production. Genome Res. 2009;19(12):2258-70.
Lopes DD, Rosa CA, Hector RE, Dien BS, Mertens JA, Ayub MAZ.
Influence of genetic background of engineered xylose-fermenting
industrial Saccharomyces cerevisiae strains for ethanol production

from lignocellulosic hydrolysates. J Ind Microbiol Biotechnol.
2017,44(11):1575-88.

Garay-Arroyo A, Covarrubias AA, Clark |, Nino |, Gosset G, Martinez A.
Response to different environmental stress conditions of industrial and
laboratory Saccharomyces cerevisiae strains. Appl Microbiol Biotechnol.
2004,63(6):734-41.

Kim SR, Skerker JM, Kong II, Kim H, Maurer MJ, Zhang GC, et al. Metabolic
engineering of a haploid strain derived from a triploid industrial yeast for
producing cellulosic ethanol. Metab Eng. 2017;40:176-85.


https://doi.org/10.1186/s13068-021-02049-y
https://doi.org/10.1186/s13068-021-02049-y

Hector et al. Biotechnology for Biofuels and Bioproducts

31.

32.

33

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

(2023) 16:190

Rodrigues-Pousada C, Menezes RA, Pimentel C. The Yap family and its role
in stress response. Yeast. 2010;27(5):245-58.

Sardi M, Rovinskiy N, Zhang Y, Gasch AP. Leveraging genetic-background
effects in Saccharomyces cerevisiae to improve lignocellulosic hydrolysate
tolerance. Appl Environ Microbiol. 2016;82(19):5838-49.

Mertens JA, Skory CD, Nichols NN, Hector RE. Impact of stress-response
related transcription factor overexpression on lignocellulosic inhibitor
tolerance of Saccharomyces cerevisiae environmental isolates. Biotechnol
Prog. 2021;37(2): €3094.

Cheng C, Tang R-Q, Xiong L, Hector RE, Bai F-W, Zhao X-Q. Association

of improved oxidative stress tolerance and alleviation of glucose
repression with superior xylose-utilization capability by a natural isolate
of Saccharomyces cerevisiae. Biotechnol Biofuels. 2018. https://doi.org/10.
1186/513068-018-1018-y.

Hector RE, Dien BS, Cotta MA, Qureshi N. Engineering industrial
Saccharomyces cerevisiae strains for xylose fermentation and

comparison for switchgrass conversion. J Ind Microbiol Biotechnol.
2011;38(9):1193-202.

Voth WP, Richards JD, Shaw JM, Stillman DJ. Yeast vectors for integration
at the HO locus. Nucleic Acids Res. 2001;29(12):E59.

Kim SR, Xu H, Lesmana A, Kuzmanovic U, Au M, Florencia C, et al. Deletion
of PHO13, encoding haloacid dehalogenase type IIA phosphatase, results
in upregulation of the pentose phosphate pathway in Saccharomyces
cerevisiae. Appl Environ Microbiol. 2015;81(5):1601-9.

Van Vleet JH, Jeffries TW, Olsson L. Deleting the para-nitrophenyl
phosphatase (pNPPase), PHO13, in recombinant Saccharomyces cerevisiae
improves growth and ethanol production on D-xylose. Metab Eng.
2008;10(6):360-9.

Hector RE, Mertens JA, Nichols NN. Identification of mutations
responsible for improved xylose utilization in an adapted xylose
isomerase expressing Saccharomyces cerevisiae strain. Fermentation.
2022. https://doi.org/10.3390/fermentation8120669.

Sardi M, Paithane V, Place M, Robinson E, Hose J, Wohlbach DJ, et al.
Genome-wide association across Saccharomyces cerevisiae strains
reveals substantial variation in underlying gene requirements for toxin
tolerance. PLoS Genet. 2018;14(2): e1007217.

Hector RE, Mertens JA, Nichols NN. Development and characterization of
vectors for tunable expression of both xylose-regulated and constitutive
gene expression in Saccharomyces yeasts. N Biotechnol. 2019;53:16-23.
Christianson TW, Sikorski RS, Dante M, Shero JH, Hieter P. Multifunctional
yeast high-copy-number shuttle vectors. Gene. 1992;110(1):119-22.
Hector RE, Mertens JA, Bowman MJ, Nichols NN, Cotta MA, Hughes SR.
Saccharomyces cerevisiae engineered for xylose metabolism requires
gluconeogenesis and the oxidative branch of the pentose phosphate
pathway for aerobic xylose assimilation. Yeast. 2011,28(9):645-60.

Gietz RD, Woods RA. Transformation of yeast by lithium acetate/single-
stranded carrier DNA/polyethylene glycol method. Methods Enzymol.
2002. https://doi.org/10.1016/S0076-6879(02)50957-5.

Hector RE, Dien BS, Cotta MA, Mertens JA. Growth and fermentation

of D-xylose by Saccharomyces cerevisiae expressing a novel D-xylose
isomerase originating from the bacterium Prevotella ruminicola TC2-24.
Biotechnol Biofuels. 2013;6(1):84.

Avci A, Saha BC, Kennedy GJ, Cotta MA. Dilute sulfuric acid pretreatment
of corn stover for enzymatic hydrolysis and efficient ethanol production
by recombinant Escherichia coli FBRS without detoxification. Bioresour
Technol. 2013;142:312-9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 10 of 10

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1186/s13068-018-1018-y
https://doi.org/10.1186/s13068-018-1018-y
https://doi.org/10.3390/fermentation8120669
https://doi.org/10.1016/S0076-6879(02)50957-5

	Metabolic engineering of a stable haploid strain derived from lignocellulosic inhibitor tolerant Saccharomyces cerevisiae natural isolate YB-2625
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Results and discussion
	Generating and screening haploid strains for tolerance to furfural and HMF
	Inhibitor tolerance compared to haploid laboratory strains
	Metabolic engineering and comparison of aerobic xylose utilization
	Fermentation analysis in the presence of inhibitors from corn stover hydrolysate

	Conclusions
	Methods
	Strains, media, and general methods
	Plasmid and strain construction
	Inhibitor tolerance and growth kinetics
	Corn stover hydrolysate (CSH) preparation
	CSH Fermentation analysis
	Statistical analyses

	Anchor 20
	References


