Lawrence Berkeley National Laboratory
Joint Genome Institute

Title
Physiological and comparative genomic analysis of new isolated yeasts Spathaspora sp.
JA1 and Meyerozyma caribbica JA9 reveal insights into xylitol production.

Permalink

https://escholarship.org/uc/item/1r9258f1]

Journal
FEMS Yeast Research, 19(4)

ISSN
1567-1356

Authors

Trichez, Débora
Steindorff, Andrei S
Soares, Carlos EVF

Publication Date
2019-06-01

DOI
10.1093/femsyr/foz034

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/1r9258f1
https://escholarship.org/uc/item/1r9258f1#author
https://escholarship.org
http://www.cdlib.org/

110
o "or,

e FEMS Yeast Research, 19, 2019, foz034

%,
= JOURNALS .
. .. . doi: 10.1093/femsyr/foz034
S§ mveshng In science . .
$ Advance Access Publication Date: 26 April 2019
OXFORD %, < .
L5 1O Research Article

RESEARCH ARTICLE

Physiological and comparative genomic analysis of
new isolated yeasts Spathaspora sp. JA1 and
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One sentence summary: Physiological and comparative genomic analysis of two novel xylose-assimilating yeast strains isolated from Brazilian Cerrado
ecosystem.

Editor: Pascale Daran-Lapujade

ABSTRACT

Xylitol is a five-carbon polyol of economic interest that can be produced by microbial xylose reduction from renewable
resources. The current study sought to investigate the potential of two yeast strains, isolated from Brazilian Cerrado biome,
in the production of xylitol as well as the genomic characteristics that may impact this process. Xylose conversion capacity
by the new isolates Spathaspora sp. JA1 and Meyerozyma caribbica JA9 was evaluated and compared with control strains on
xylose and sugarcane biomass hydrolysate. Among the evaluated strains, Spathaspora sp. JA1 was the strongest xylitol
producer, reaching product yield and productivity as high as 0.74 g/g and 0.20 g/(L.h) on xylose, and 0.58 g/g and 0.44 g/(L.h)
on non-detoxified hydrolysate. Genome sequences of Spathaspora sp. JA1 and M. caribbica JA9 were obtained and annotated.
Comparative genomic analysis revealed that the predicted xylose metabolic pathway is conserved among the
xylitol-producing yeasts Spathaspora sp. JA1, M. caribbica JA9 and Meyerozyma guilliermondii, but not in Spathaspora
passalidarum, an efficient ethanol-producing yeast. Xylitol-producing yeasts showed strictly NADPH-dependent xylose
reductase and NAD"-dependent xylitol-dehydrogenase activities. This imbalance of cofactors favors the high xylitol yield
shown by Spathaspora sp. JA1, which is similar to the most efficient xylitol producers described so far.
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INTRODUCTION

Xylose is an abundant five-carbon sugar present in lignocellu-
losic biomass, that can be employed as raw material for the
production of a range of biotechnological products, including
ethanol, propanediol, glycolic acid and xylitol (Karhumaa et al.
2007; Albuquerque et al. 2014; Alkim et al. 2016; Xin et al. 2016; Li
et al. 2017). Xylitol is a polyol of significant interest in the den-
tal, pharmaceutical and food industries, due to its high anti-
cariogenic and sweetening proprieties, as well as other char-
acteristics such as high solubility, stability and low glycemic
index (Hyvonen, Koivistoinen and Voirol 1982; Ravella et al. 2012;
Canilha et al. 2013; Albuquerque et al. 2014; Pal, Mondal and
Sahoo 2016). At the industrial scale, xylitol is currently pro-
duced by chemical hydrogenation of purified xylose obtained
from hemicellulosic hydrolysates at high temperature and pres-
sure, using nickel metal as catalyst. The production process, and
need for several purification steps make the chemical synthesis
route very laborious and expensive (Hyvonen, Koivistoinen and
Voirol 1982; Ravella et al. 2012). The xylitol market is expanding
and the demand for this product is estimated at 125 000 tons per
year worldwide (Albuquerque et al. 2014). In this context, micro-
biological fermentation processes represent an interesting alter-
native for lower cost xylitol production.

Several microorganisms, including bacteria, yeasts and fil-
amentous fungi, are able to convert xylose to xylitol. Among
those, yeasts have been reported to be the most efficient xylitol
producers (Albuquerque et al. 2014; Pal, Mondal and Sahoo 2016).
Previous studies involving approximately 40 species, belong to
18 different yeast genera, have identified Candida guilliermondii
(currently Meyerozyma guilliermondii (Kurtzman and Suzuki 2010))
and Candida tropicalis as prominent xylitol producers, with pro-
duction yields up to 0.59 g/g and 0.67 g/g, respectively (Barbosa
et al. 1988; Guaman-Burneo et al. 2015). Recently, new species
described as Cyberlindnera galapagoensis, Scheffersomyces amazo-
nensis and Spathaspora spp. strains have shown a significant abil-
ity to produce xylitol from xylose, achieving xylitol yields of 0.50
g/g,0.75 g/g and 0.13-0.50 g/g of xylose, respectively (Cadete et al.
2012, 2016a ,2016b; Guaman-Burneo et al. 2015; Lopes et al. 2016).
However, optimization of fermentative conditions such as aer-
ation, biomass concentration, media pH and supplementation
with nutrients, is necessary in order to obtain high xylitol yields
and productivities when biomass hydrolysates are used as a sub-
strate (Rao et al. 2006; de Arruda et al. 2011; Hernandez-Pérez et al.
2016; Martini et al. 2016; Dalli et al. 2017).

Genetic improvement of yeast strains can be facilitated by
the availability of genetic and physiologic information about
native producing strains. Recently, genome sequencing of sev-
eral yeasts has been reported, including for Spathaspora passali-
darum (Wohlbach et al. 2011), Scheffersomyces stipitis (Jeffries et al.
2007), Candida tenuis (Wohlbach et al. 2011) and M. guilliermondii
(Butler et al. 2009). The genus Spathaspora has been described
recently (Nguyen et al. 2006), and only a few species have been
identified of which only a few genomes are available (Lobo et al.
2014; Lopes et al. 2017). Moreover, among these, only S. passal-
idarum presents a high quality genome annotation (Wohlbach
et al. 2011). Thus, physiological and genomic data from different
yeast species may allow faster development of biological pro-
cesses, such as ethanol or xylitol production.

In the current work, two natural yeast strains isolated from
the Brazilian Cerrado biome were physiologically and genetically
characterized for xylitol production. Evaluation of the strains
under oxygen-limited conditions, using xylose and a glucose-
xylose mixture as carbon sources, demonstrated that they are

capable of producing xylitol with significant yields and produc-
tivity. Besides, the ability of these yeasts to convert sugar in non-
detoxified hydrolysate was also compared with control strains of
S. passalidarum NRRL Y-27 907, M. guilliermondii NRRL Y-324 and
C. tropicalis CMAA1716. Through genome sequencing and phylo-
genetic analysis, the strains were placed in the CUG-Ser clade,
more specifically to Spathaspora and Meyerozyma genera. De novo
genome sequencing allowed identification of genes implicated
in xylose metabolism, such as the genes encoding the xylose
catabolic pathway enzymes xylose reductase (XR), xylitol dehy-
drogenase (XDH), xylulokinase and others. Results of enzymatic
activity measurements in crude cell extracts for the different
yeasts were used to support fermentation and genomic data.

MATERIALS AND METHODS

Yeast strains and cultivation conditions

The yeast strains Spathaspora sp. JA1 and Meyerozyma carib-
bica JA9 were previously isolated from decaying wood sam-
ples collected in Brasilia, Distrito Federal, Brazil (515°35’36.1”
WO047°44’28.2”) by their capacity to grow on xylose (unpublished
data). Strains M. guilliermondii NRRL Y-324 and S. passalidarum
NRRL Y-27 907 were kindly provided by the ARS (NRRL) culture
collection (Peoria, USA). Candida tropicalis CMAA1716 strain was
previously isolated by our group (unpublished data).

YPD agar plates (10 g/L yeast extract, 20 g/L peptone, 20 g/L
glucose and 20 g/L agar) were used to recover yeast cells from
stocks stored at —80°C before starting the experiments. Growth
and fermentation assays were carried out in defined mineral
medium as described previously (Verduyn et al. 1985). Briefly,
the defined mineral medium contained 12.5 g/L (NH4)SO4, 1.25
g/L MgSOy4. 7H,0, 7.5 g/L KH,PO,, vitamins, trace elements and
D-xylose or a mixture of D-glucose and D-xylose as the carbon
source. Filter-sterilized vitamins, trace elements and sugar solu-
tion were added to the media after heat sterilization.

Fermentation under oxygen-limited condition

Strains inoculated on YPD plates were transferred to 100 mL of
defined mineral medium supplemented with 40 g/L D-xylose or
a mixture of 20 g/L D-xylose and 20 g/L D-glucose, in a rotary
shaker at 28°C and 200 rpm. Pre-cultures in the exponential
phase were harvested by centrifugation at 6000 x g for 5 min
(Heraeus Megafuge 16R Centrifuge, Thermo Fisher Scientific),
suspended in 10 mL of the fermentation medium, and used to
inoculate at an initial ODgg ~0.5 (< 0.3 g/L) in an INFORS biore-
actor (INFORS HT Multifors) with a working volume of 1 L. The
composition of the fermentation medium was similar to the pre-
culture medium, containing in addition 10 mg/L ergosterol, 420
mg/L Tween-80, a few drops of polypropylene glycol as antifoam-
ing agent and 40 g/L D-xylose or a mixture of 20 g/L D-xylose
and 20 g/L D-glucose. Air flow was kept at 0.1 L min~! in the
bioreactor and pH was maintained at 5.5 by addition of 3 M KOH.
Temperature was set to 28°C, and the stirrer speed was 400 rpm.
Cell densities were determined by absorbance measurements at
600 nm and correlated to cell dry weight. For dry weight mea-
surements, 5 mL samples of cell suspension were centrifuged,
washed with distilled water and dried for 48 h at 65°C. The mea-
surements were carried out in duplicate and cell weight was
calculated as the weight difference between samples with and
without cells. In addition, samples were taken for further anal-
ysis of metabolites. All fermentation assays were performed in
two biological replicates.
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Fermentation of sugarcane biomass hydrolysate

Sugarcane biomass hydrolysate was kindly provided by the Sug-
arcane Technology Center, Sao Paulo, Brazil. It was prepared by
steam explosion followed by acid hydrolysis of the hemicellu-
losic fraction, and the composition was determined to be 1.8 g/L
glucose, 27.8 g/L xylose, 0.7 g/L cellobiose, 6.0 g/L acetic acid, 0.66
g/L furfural and 0.11 g/L hydroxymethylfurfural (HMF). Inocu-
lum cultures were grown in YP medium containing 40 g/L D-
xylose in Erlenmeyer flasks, in a rotary shaker at 28°C and 200
rpm, for approximately 24 h. Cells in the exponential phase
were recovered by centrifugation at 4000 x g for 10 min (Her-
aeus Megafuge 16R Centrifuge, Thermo Fisher Scientific) and
suspended in fermentation medium to reach ~10 g/L of ini-
tial biomass. Fermentation medium was composed of sugar-
cane biomass hydrolysate supplemented with 2 g/L YNB, 4 g/L
urea, and glucose and xylose to obtain a final concentration of
8 g/L and 40 g/L, respectively. The pH value was adjusted to 5.5
with KOH. Flasks containing 50 mL culture were incubated at
28°C and 200 rpm. Samples were taken during fermentation for
biomass and metabolite quantification. The experiments were
performed in biological duplicates.

Analytical methods

Samples collected from the fermentation cultures were cen-
trifuged at 10 000 x g for 10 min in a benchtop centrifuge (Eppen-
dorf Mini Spin Plus), and the supernatants were stored at —20°C
until further analysis. Extracellular metabolite quantification
was performed by high performance liquid chromatography on
a Waters System (Waters Acquity UPLC H Class, USA) equipped
with an Aminex HPX-87H column (300 x 7.8 mm, 9 pum, Bio-rad)
coupled to a RI detector. Five mM H,SO, was used as the mobile
phase at a flow rate of 0.6 mL/min. Column temperature was
maintained at 45°C. Calibration curves were used to quantify the
following metabolites: glucose, xylose, xylitol, glycerol, acetate
and ethanol.

Enzymatic activity assays

For the enzymatic activity measurements, yeasts were grown in
YP medium containing 40 g/L xylose as a carbon source. After 20
h of cultivation, cells were collected, washed with sterile water
and used to prepare crude extracts with Y-PER®) - Yeast Protein
Extraction Reagent (Pierce, Rockford, USA) and glass beads. Pro-
tein concentration in the cell-free preparations was determined
using Quick Start Bradford Protein Assay Kit (Bio-Rad Labora-
tories Ltd., USA), following the manufacturer’s instructions. XR
and XDH activities were measured in the cell-free extracts as
described previously (Smiley and Bolen 1982; Almeida et al. 2008;
Veras, Parachin and Almeida 2017). The XR reaction mixture con-
tained 100 mM triethanolamine buffer (pH 7.0), 0.2 mM NADH
or NADPH and 350 mM xylose. Xylitol oxidation (XDH activity)
was determined in a reaction mixture containing 100 mM tri-
ethanolamine buffer (pH 7.0), 0.3 mM NAD" and 300 mM xylitol.
Reduction rates of furfural and HMF were determined in 100 mM
phosphate buffer (pH 7.0), 0.1 mM NADH or NADPH and 10 mM
of furfural or HMF (Almeida et al. 2008). All reactions were per-
formed at 30°C and started with the addition of the respective
substrates. Oxidation or reduction of the coenzymes was mon-
itored as the change in absorbance at 340 nm in 1.0 cm path-
length cuvettes. A value of 6.22 mL (umol cm)~! was used as
molar absorption coefficient of NADH and NADPH. One enzyme
unit was defined as the amount of enzyme required to oxidize
or reduce 1 umol of cofactor per minute. Specific activities were
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given in units per mg of protein (U/mg). The experiment was
performed in biological duplicates.

Yeast identification

Yeast identification was performed by analysis of the D1/D2
domain and the ITS-5.8S region from the large-subunit of
the rRNA gene, using polymerase chain reaction as previ-
ously described (White et al. 1990; Kurtzman and Robnett
1998). The D1/D2 domain was amplified using primers
NL1 (5-GCATATCAATAAGCGGAGGAAAAG-3') and NL4 (5-
GGTCCGTGTTTCAAGACGG-3') and the ITS region was amplified
using primers ITS-1 (5'-TCCGTAGGTGAACCTGCGG-3') and ITS-4
(5'-TCCTCCGCTTATTGATATGC-3'), with genomic DNA as tem-
plate. The amplified DNA was purified and sequenced (Eurofins
Genomics, in Louisville, KY, USA ). The partial sequences of
the D1/D2 domain and ITS region have been deposited at
DDBJ/EMBL/GenBank under accession numbers MK193860 and
MK193858 (JA1), and MK193861 and MK193859 (JA9), respectively.

Phylogenetic analysis

The sequences for the phylogenetic tree were selected based
on similarity of the D1/D2 and ITS regions downloaded from
the YeastIP database (Weiss et al. 2013). To build the tree, all
sequences were aligned using MAFFT v7.245 (Katoh and Stand-
ley 2013) with the option ‘-auto’ for each region separately, then
concatenated for phylogeny using the FastTree program (Price,
Dehal and Arkin 2009).

Genome sequencing, assembly and annotation

Genomic DNA was isolated from yeast cells grown on 5 mL YPD,
at 28°C for 16 h, using FastDNA® SPIN Kit for Soil, following the
manufacturer’s instructions (MP Biomedicals, LLC, Santa Ana,
CA, USA). Paired-end Illumina sequencing was performed by
Eurofins (www.eurofins.com.br) using a fragmented library for
Miseq (2 x 250 bp) and Hiseq2000 3 kb jumping library (2 x 125
bp). Sequencing data of the two strains are available from the
NCBI Sequence Read Archive: Bioproject accession PRINA385175.
These Whole Genome Shotgun projects have been deposited at
DDBJ/EMBL/GenBank under accession numbers NSGQ00000000
(Spathaspora sp. JA1) and NSDU0O0000000 (M. caribbica JA9).

Fragment library and Jumping library paired-end Illumina
reads were used as input for AllPaths-LG assembler (Gnerre et al.
2011), using maximum coverage of 80X for each library. Genome
structural and functional annotations were performed with the
MAKER pipeline (Holt and Yandell 2011) using the GeneMark-ES
(Ter-Hovhannisyan et al. 2008) Augustus (Stanke et al. 2008), and
SNAP (Korf 2004) predictors. Prediction of functional domains
(PFAM, InterPro and Gene Ontology) from gene models was per-
formed using InterProScan v.5.21.60 (Finn et al. 2017). Complete-
ness of each genome was assessed using BUSCO v2.0.1 (Simao
et al. 2015) based on the Saccharomycetales dataset.

Specific classes of enzymes, such as carbohydrate-active
enzymes (CAZymes) (Lombard et al. 2014), were predicted based
on dbCAN HMMs (Yin et al. 2012); transporters were predicted
based on Transporter Classification DataBase (http://www.tc
db.org/browse.php), and transcription factors based on DBD—
Transcription factor prediction database (http://www.transcript
ionfactor.org/index.cgi’Home). Transporters and transcription
factors were predicted using blastp with e-value < 10-°.
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Genome similarity and synteny analysis

Orthologous clustering and Venn diagram construction were
performed using OrthoVenn (Wang et al. 2015). Predicted protein
datasets from each genome were used as input for OrthoMCL
(Li 2003) with minimum similarity of 10>, and 2 as inflation
value. Synteny analysis of genomes, XYL1 and XYL3 genes, were
performed using the SYMAP v4.2 software package (Soderlund,
Bomhoff and Nelson 2011) in order to detect synteny blocks
for each pair of species: Spathasphora sp. JA1/S. passalidarum, M.
caribbica JAS/M. guilliermondii and C. tropicalis. In order to better
display the XYL1 and XYL3 synteny between yeasts and gener-
ate figures, the same data were used as input for mGSV (Revanna
et al. 2011).

RESULTS AND DISCUSSION
Yeast identification

Yeast strains were previously isolated according to their ability
to grow on xylose from decaying wood samples obtained in the
Brazilian Cerrado. Growth profiles of the new isolated strains
were evaluated on minimal media supplemented with xylose as
the sole carbon source (unpublished data), and based on these
results, strains JA1 and JA9 were selected for xylitol production.
Analyses of the D1/D2 domains and ITS-5.8S region of the large-
subunit rfRNA gene revealed that the new isolates JA1 and JA9
belong to the Spathaspora and Meyerozyma clades respectively
(Fig. 1). JA1 showed an identical D1/D2 domain and ITS region
differing by only 14 nucleotides compared to the new species
represented by Spathaspora sp. nov. UFMG-CM-Y426 (accession
number KX101231.1 for ITS and KX097022.1 for D1/D2). More-
over, the D1/D2 sequence from the JA1 strain differed by just
four nucleotide substitutions from its closest described relative
Candida materiae CBS 109757 (Barbosa et al. 2009) (Fig. 1). The JA9
strain showed an identical D1/D2 domain to that of M. carib-
bica CBS 2022 and M. guilliermondii ATCC 62607 (Vaughan-Martini
et al. 2005; Kurtzman and Suzuki 2010), whereas analysis of the
ITS region showed a higher similarity with M. caribbica CBS 2022
(4 nucleotide substitutions). Based on these data, the JA9 strain
was identified as M. caribbica JA9, and JA1 was treated as unde-
scribed species and designated as Spathaspora sp. JA1, until fur-
ther taxonomic experiments can be performed.

A phylogenetic tree based on concatenated alignment of ITS
and D1/D2 sequences showed the placement of the new isolates
into the independent clades Spathaspora and Meyerozyma (Fig. 1).
The Spathaspora genus was previously described by Nguyen et al.
(2006) and contains D-xylose-fermenting yeasts generally asso-
ciated with rotting wood substrates and insects (Nguyen et al.
2006; Cadete et al., 2009, 2012, 2013, 2016a; Cadete and Rosa
2017). The Meyerozyma genus was proposed by Kurtzman and
Suzuki (2010) to accommodate yeasts such as M. guilliermondii
and M. caribbica, species that are widely dispersed in natu-
ral environments (Vaughan-Martini et al. 2005; Kurtzman and
Suzuki 2010; Romi et al. 2014; Corte et al. 2015). Both genera
belong to the CUG-Ser clade, as detected by the Bagheera web
server (Muhlhausen and Kollmar 2014), which uses an alter-
native yeast nuclear code to translate CUG as serine instead
of leucine (Riley et al. 2016). This is in agreement with previ-
ous work (Wohlbach et al. 2011) that described the phylogenetic
placement of xylose-assimilating yeasts within the CUG clade.

Genome features

To better understand the physiological profile of Spathaspora sp.
JA1 and M. caribbica JA9, their genetic backgrounds related to
xylose metabolism were investigated. Genomes of both strains
were sequenced and assembled (Table 1). The genera Spathas-
pora and Meyerozyma have been recently described (Nguyen et al.
2006; Kurtzman and Suzuki 2010) and the only genomes that
are completely annotated with high quality are from S. passal-
idarum NRRL Y-27 907 and M. guilliermondii ATCC 6260 (Butler
et al. 2009; Wohlbach et al. 2011). Considering this aspect, a com-
parative analysis was performed between Spathaspora sp. JA1l
and S. passalidarum and M. caribbica JA9 and M. guilliermondii. The
sequenced genome size of Spathaspora sp. JA1 was estimated
at 14.5 Mb, consisting of 181 scaffolds and a total of 5268 pre-
dicted genes, while a 10.4 Mb genome was obtained from the M.
caribbica JA9 strain, containing 5033 predicted genes over 27 scaf-
folds. The JA1 and JA9 strains showed similar features (genome
size, gene content and percentage GC.) when compared with the
respective reference strains S. passalidarum and M. guilliermondii.
Assessment of genome assembly completeness was performed
using BUSCO with the Saccharomycetales dataset. The Spathas-
pora sp. JA1 and M. caribbica JA9 genomes showed high percent-
ages of genome completeness (both with 97.3% complete BUS-
COs). General features of the yeast genomes are presented in
Table 1.

A comparative analysis was performed on predicted protein
dataset from each genome as described in Table 1. The orthol-
ogous cluster distribution (Fig. 2) shows that 2785 protein clus-
ters are common for all five genomes and 1001 are shared for
the xylose-consuming yeasts Spathaspora sp. JA1, S. passalidarum,
M. caribbica JA9 and M. guilliermondii, but are not found in the S.
cerevisizge genome. Some enriched gene ontology terms shared
between the four xylose-consuming strains are related to NADH
dehydrogenase (ubiquinone) activity, lipase activity, filamen-
tous growth, cell surface proteins, cellular response to nutri-
ents, cellulose catabolic process and beta-glucosidase activity.
Examination of PFAM domains revealed an increased occurrence
of putative proteins related to membrane transport (PF07690,
PF00083) and epimerase/oxidoreductase activities (PF01370) for
the xylose-assimilating yeasts evaluated. A total of 482 gene
clusters were found specifically in both Spathaspora strains,
including predicted proteins involved in acetate transport and
oxidoreductase activity. 554 genes were uniquely present in the
M. caribbica JA9 and M. guilliermondii species, among which were
several putative transmembrane transport proteins. Amplifica-
tion of number of genes encoding putative sugar transporters
and oxidoreductase activities suggested the relevance of these
genes for yeast adaptation to their specific environments, rich in
sugars, as previously noted for other xylose-assimilating yeasts
(Wohlbach et al. 2011). Similarly, amplification of number of
genes related to cell surface proteins and lipases was previously
associated with pathogenicity of some Candida strains, as well
commensalism in the case of beetle symbionts (Butler et al. 2009;
Wohlbach et al. 2011).

The genome of the Spathaspora sp. JA1 and M. caribbica
JA9 strains contained 186 and 169 genes encoding putative
CAZymes (Lombard et al. 2014), respectively. Although predic-
tive CAZymes are similar between M. caribbica JA9 and M. guil-
liermondii ATCC 6260, the comparison reveals an enrichment
of predicted esterases (CE1), oxidases (AA4) and the presence
of a putative polysaccharide lyase (PL24) in the novel isolated
strains. In addition, Spathaspora sp. JA1 possesses an expansion
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Figure 1. Phylogenetic placement of Spathaspora sp. JA1 and M. caribbica JA9 based on ITS regions and the D1/D2 domains of the LSU rRNA gene. Sequences were aligned
using MAFFT and phylogenetic tree inferred using FastTree. Support values are shown next to the respective node. Bar shows number of substitutions per nucleotide
position. All represented strains are type strains, with exception of Spathaspora sp. JA1, Spathaspora sp. nov UFMG-CM-Y426 and M. caribbica JA9.

Table 1. Yeast genomes features.

S. passalidarum NRRL

M. guilliermondii ATCC

Spathaspora sp. JA1 Y-27 907 M. caribbica JA9 6260 S. cerevisiae S288C

Total length (Mb) 14.5 13.2 10.4 10.6 12.7
Scaffolds 181 9 27 8 16

N50 (Mb) 0.21 2.07 1.26 17 0.92

GC% 34.6 37.1 47.1 43.8 383
Number of gaps 77 62 27 19 0
Percentage of 0.34 0.78 0.04 0.33 0

genome in gaps

Gene content 5268 5983 5033 5920 6575
BUSCO completeness 97.3% 91.70% 97.3% 91.30% 100%

of predicted chitinases (CBM18, CBM50) and glycoside hydro-
lases (GH109, GH18, GH3) when compared to the closely related
species. Additionally, all xylose-assimilating strains showed a
diversified repertoire of predicted glycoside hydrolases, includ-
ing GH3, GH2, GH20 and GH109, which could contribute to the
degradation of xylan, giving them an advantage in their natural
environments (Riley et al. 2016).

Orthologous genes related to xylose assimilation in yeasts
are present in Spathaspora sp. JA1 and M. caribbica JA9. A large
number of genes encoding putative proteins involved in the
uptake of different kinds of substrates, such as carbohydrates,
amino acids and peptides were detected; interestingly, among
them, the Major Facilitator Superfamily was notable. Many

genes were predicted to encode transporters similar to the char-
acterized xylose transporters Xutl-7p, Sutlp and Hxt2.6p from
S. stipitis and S. passalidarum (Jeffries et al. 2007; Wohlbach et al.
2011; Young et al. 2011; de Sales et al. 2015). Another important
factor in xylose metabolism are the enzymes responsible for
xylose assimilation. In yeasts, D-xylose is reduced to xylitol by
a XR (Xyllp encoded by XYL1), which is, in general, a NADPH-
dependent enzyme. Subsequently, xylitol can be oxidized to D-
xylulose by a XDH NAD"-dependent enzyme (Xyl2p encoded by
XYL2), which enters the Pentose Phosphate Pathway and Gly-
colysis after phosphorylation to xylulose-5P by the xylulokinase
enzyme (Xyl3p encoded by XYL3 or XKS1) (Bruinenberg et al.
1983; Verduyn et al. 1985; Karhumaa et al. 2007; Moysés et al.
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S. passalidarum

S. cerevisiae

Meyerozyma sp. JA9

Spathaspora sp. JA1

15

M. guilliermondii

Figure 2. Distribution of orthologous clusters from Spathaspora sp. JA1, M. caribbica JA9, M. guilliermondii, S. passalidarum and S. cerevisiae.

2016). The preference for different co-factors in the first two
reactions causes a redox imbalance that has a significant impact
on xylose fermentation and xylitol production (Bruinenberget al.
1983; Albuquerque et al. 2014; Veras, Parachin and Almeida 2017).

Xylose assimilation

Initial screening showed that the Spathaspora sp. JA1 and M.
caribbica JA9 strains can consume D-xylose and produce xyli-
tol. To better evaluate the yeast physiology, fermentation assays
were performed using the new isolated yeasts and two other
known yeast strains, S. passalidarum NRRL Y-27 907 and M. guil-
liermondii NRRL Y-324. These two strains were selected as con-
trols based on their high production yields of ethanol (poor
xylitol producer), and xylitol, respectively (Barbosa et al. 1988;
de Arruda et al. 2011; Hou 2012; Cadete et al. 2016a). Fermen-
tations were carried out in bioreactors, under oxygen-limited
conditions, using 4% xylose or a mixture of 2% xylose and 2%
glucose as substrates. Both JA1 and JA9 were able to use glu-
cose and xylose as a carbon source for growth (Fig. 3). How-
ever, ethanol production was observed only when glucose was
present in the medium (Fig. 3B,D,FH). Among the microor-
ganisms evaluated here, only S. passalidarum was able to fer-
ment both substrates efficiently and produce high quantities of
ethanol (ethanol yield on xylose, Yet = 0.48 & 0.01, and on sugar
mixture, Yer = 0.43 £ 0.01).

In the xylose assimilation assays, S. passalidarum showed the
highest xylose consumption rate. This strain consumed all sugar
in approximately 50 h, with a specific xylose consumption of
0.138 g/g.h, whereas Spathaspora sp. JA1, M. caribbica JA9 and M.
guilliermondii showed xylose consumption rates of 0.082, 0.036

and 0.029 g/g.h respectively, and residual sugar was present at
the end of cultivation. Xylitol was the major product obtained
from the isolated yeasts, whereas acetate and glycerol were pro-
duced in minor concentrations (below 1.0 g/L) (Fig. 3A and C). At
the end of cultivation, Spathaspora sp. JA1 produced 22.62 + 6.33
g/L of xylitol, which is almost two times higher than the amount
produced by M. caribbica JA9, the second most efficient produc-
ing strain (Table 2). In addition, xylitol yields were significantly
higher for Spathaspora sp. JA1 (0.75 + 0.01 g/g) and M. caribbica
JA9 (0.54 £ 0.11 g/g) than for the control strain M. guilliermondii
(0.44 + 0.02 g/g) (Table 2), which is recognized as a strong xyl-
itol producer (Barbosa et al. 1988; de Arruda et al. 2011; Cadete
et al. 2016a). Previous studies have already reported that differ-
ent species of Spathaspora are able to assimilate xylose with dif-
ferent efficiencies (Nguyen et al. 2006; Cadete et al., 2009, 2012,
20164a; Lopes et al. 2016). Although some strains, such as S. passal-
idarum, S. arborariae and S. xylofermentans mainly ferment xylose
and produce ethanol under oxygen-limited conditions, others
convert xylose to xylitol (Table 2). Among these, the best xylitol
yields reported so far were 0.56 g/g xylose for the S. roraimanensis
and 0.47 g/g xylose for S. brasiliensis (Table 2) (Cadete et al. 2016a).
As such, our findings indicate that the Spathaspora sp. JA1 strain
is a promising candidate for xylitol production. Its high xylitol
yield is close to the values obtained from the best xylitol produc-
ers identified so far, such as C. tropicalis, M. guilliermondii FTI20037
and S. amazonensis (Table 2), even without employing optimized
process conditions.

In the co-fermentation assays, xylitol production decreased
slightly for the three xylitol producer strains Spathaspora sp.
JA1, M. caribbica JA9 and M. guilliermondii, whereas ethanol pro-
duction increased, especially during the glucose consumption

610Z Ae\ €1 uo Jasn AlojelogeT] [euoneN Asjexiag aouaime Aq 991087S/7E0Z0)/ /6 L AoBlisqe-aone/lAswal/uoo dnorolwapese//:sdiy wolj papeojumoq



Trichezetal. | 7

(A) B|) .
— a
2 go
EN S B
—
9 ® 25
wn = v C
© v ©
€5 o c
9o c z o
el E DS
o5 38
(%) o =
] o >
> S X
= (U
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (h) Time (h)
(©) (D) 25
> n
§ 3 20
= £
4@ 8=
o =2 > o 15
€35 25
s 2 2
a2 x %10
g9 g8
S 10 8= 5
=3 5 ER3
0 °
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (h) Time (h)
E
B) 40 (F 2
— L a
§ 35 4 gg 20
>~ 30 - SR
= 3=
@ ®™ 25 - G 2 15 -
€35 g g
55 2] 2% 1
25 15 PR
g 2 2
38 10 4 83 5 |
> S5 X
b3 5 4 ©
0 []mwﬂf 0
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (h) Time (h)
(G) (H 25
= g
] O —~
£ = 20
> _ 5%
~ = o0 —
S~
2 o g % 15 -
¥ o
5 8 < 9 10 4
g 2 2
K= O > 5
> S5 X
= [G]
0
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (h) Time (h)

Figure 3. Sugar consumption and product formation by the yeasts Spathaspora sp. JA1 (A) and (B), M. caribbica JA9 (C) and (D), M. guilliermondii (E) and (F) and S. passalidarum
(G) and (H) during fermentation under oxygen-limited conditions on xylose (left column) and on glucose and xylose mixture (right column). Xylose (closed triangle);
glucose (closed square); xylitol (open triangle); ethanol (closed circle); biomass (open square). Experiments were performed in biological duplicates, and one profile is
shown.
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Table 2. Production of xylitol by different yeasts.

Final xylitol Xylitol yield Productivity
Microorganism Experimental conditions conc.[g/L] g/¢] [g/(1h)] References
Spathaspora sp. JA1 Bioreactor mineral medium + 40 g/L 22.62 +6.33 0.75 £ 0.01 0.20 + 0.06 This work
xylose low initial cell density
M. caribbica JA9 Bioreactor mineral medium + 40 g/L 11.37 +£ 2.60 0.54 +£0.11 0.10 + 0.03 This work
xylose low initial cell density
S. passalidarum Bioreactor mineral medium + 40 g/L 0.19 + 0.06 0.01 +£0.01 0.003 + 0.00 This work
xylose low initial cell density
M. guilliermondii Bioreactor mineral medium + 40 g/L 8.25+1.92 0.44 +0.02 0.063 + 0.01 This work
xylose low initial cell density
Spathaspora sp Shake flasks YP + 50 g/L xylose low 7.8 0.21 0.16 (Cadete et al. 2012)
UFMG-XMD-16.2 initial cell density
Sugarcane bagasse hydrolysate 18.2 0.57 0.19
detoxified low initial cell density
S. brasiliensis Shake flasks YP + 40-50 g/L xylose 11.9 0.47 - (Cadete et al. 2016a)
UFMG-CM-Y353 low initial cell density
S. roraimanensis Shake flasks YP + 40-50 g/L xylose 27.4 0.56 - (Cadete et al. 2016a)
UFMG-CM-Y477 low initial cell density
S. amazonensis Shake flasks YP + 50 g/L xylose low 34.24 0.75 0.476 (Cadete et al. 2016b)
initial cell density
Rice hull hydrolysate detoxified high 6.30 1.04 0.053
initial cell density (DO 600 nm ~10)
C. guilliermondii Shake flasks sugarcane bagasse 50.5 0.81 0.60 (de Arruda et al. 2011)
FTI20037 hydrolysate detoxified low initial cell
density
C. guilliermondii Shake flasks low initial cell density 23 0.59 - (Barbosa et al. 1988)
FTI20037 YNB + 5 g/L urea + xylose 40 g/L
High initial cell density YNB + 5 g/L 77.2 0.74
urea + 104 g/L xylose
C. tropicalis 1004 Shake flasks low initial cell density 17 0.57 - (Barbosa et al. 1988)
YNB + 10 g/L yeast extract + xylose
30 g/L
C. tropicalis Shake flasks sugarcane bagasse - 0.45 - (Rao et al. 2006)
hydrolysate detoxified
Corn fiber detoxificated - 0.43 -
C. tropicalis MTCC Shake flasks YP + 100 g/L of xylose - 0.67 0.70 (Mattam et al. 2016)
25 057 aerobic condition
Debaryomyces hansenii ~ Shake flasks high initial cell density 22.4 0.63 0.23 (Prakash et al. 2011)
MYP + 40 g/L xylose
MYP + 100 g/L xylose 68.6 0.76 0.44
MYP + sugarcane bagasse - 0.69 .

hydrolysate

phase (Fig. 3). Spathaspora passalidarum produced ethanol from
xylose and glucose, reaching a production level of 14.94 + 0.79
g/L. Indeed, S. passalidarum is capable of co-fermenting xylose
and glucose, producing high concentrations of ethanol (Long
et al. 2012). Spathaspora sp. JA1 still showed the best xylitol-
producing performance among the evaluated strains. However,
its xylitol yield was decreased by approximately 25% when com-
pared with the results obtained when xylose was used as the
sole carbon source. The strains Spathaspora sp. JA1, M. caribbica
JA9 and M. guilliermondii showed lower xylose consumption rates
(Fig. 3B,D,F) in the glucose-xylose co-fermentation experiments.
These results can be explained by the adaptation phase neces-
sary for yeasts to switch from glucose to xylose metabolism (de
Arruda et al. 2011; Moysés et al. 2016; Reider Apel et al. 2016).

Fermentation of sugarcane biomass hydrolysate

To evaluate the capacity of the new isolates to ferment biomass
hydrolysates, fermentation assays were performed using non-
detoxified sugarcane biomass hydrolysate containing glucose

(8 g/L) and xylose (40 g/L), with high acetic acid content (6.0
g/L). Acetic acid is a major inhibitory compound in sugarcane
biomass hydrolysate (Almeida et al. 2007; Deparis et al. 2017).
The concentration of this compound depends on the feedstock
source and the pretreatment method employed (Deparis et al.
2017). In addition to acetic acid, the hydrolysate may contain
other inhibitors such as furfural and HMF, which combined
can affect yeast growth and fermentation (Almeida et al. 2008;
Deparis et al. 2017). Since hydrolysate tolerance is species and
strain-dependent (Modig et al. 2008), and since many studies
have already shown that C. tropicalis can produce xylitol with
high yields and productivities on fermentative medium contain-
ing hydrolysates (Cadete et al. 2012; Guamén-Burneo et al. 2015;
Mattam et al. 2016; Dalli et al. 2017), a C. tropicalis strain isolated
by our group (C. tropicalis CMAA1716 strain, unpublished data)
was used as a control in this experiment.
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Under the tested conditions, all strains, except S. passali-
darum, were able to grow and consume all of the available glu-
cose in the sugarcane biomass hydrolysate, whereas only C. trop-
icalis and Spathaspora sp. JA1 were able to consume the avail-
able xylose completely (Table 3). Candida tropicalis showed the
highest xylose consumption rate, followed by Spathaspora sp.
JA1, M. caribbica JA9 and M. guilliermondii. Spathaspora sp. JA1 and
C. tropicalis showed the highest xylitol yields (0.58 + 0.08 and
0.54 + 0.01, respectively) and final concentration (22.62 + 0.59
and 23.66 + 1.52 g/L, respectively) among the five strains eval-
uated. In turn, xylitol yields for M. caribbica JA9 and M. guillier-
mondii were of 0.44 + 0.06 and 0.42 + 0.07 g/g xylose, respec-
tively. Ethanol was also one of the main products obtained dur-
ing the hydrolysate fermentation. The highest ethanol value was
obtained for Spathaspora sp. JA1 (10.67 g/L), followed by C. tropi-
calis (8.60 g/L), M. guilliermondii (8.57 g/L) and M. caribbica JA9 (5.69
g/L). Spathaspora passalidarum appeared to be the most sensi-
tive to the hydrolysate inhibitors since virtually no growth or
sugar consumption were observed during 72 h of cultivation.
This result is in agreement with a previous report, which showed
delayed sugar consumption by S. passalidarum during fermenta-
tion of AFEX hydrolysate containing 1.5 g/L of acetic acid (Long
et al. 2012). It may be an effect of acetic acid since S. passalidarum
was able to maintain its fermentation performance in lignocel-
lulosic hydrolysates with a lower acetic acid concentration (Long
et al. 2012; Nakanishi et al. 2017).

The Spathaspora sp. JA1l performance in defined mineral
medium (Table 2; Fig. 3) and non-detoxified biomass hydrolysate
(Table 3), suggests that this strain has a great potential as a xyl-
itol producer using renewable resources. Indeed Spathaspora sp.
JA1 showed similar xylitol production yields to that obtained
for C. tropicalis evaluated under the same conditions (Table 3).
Similar or even higher xylitol yields were observed for other
Spathaspora spp. (Cadete et al. 2012), S. amazonensis (Cadete et al.
2016b), C. tropicalis (Dalli et al. 2017) and C. guilliermondii (de
Arruda et al. 2011) yeasts (Table 2). However, this occurred only
when employing optimized fermentation parameters and/or a
detoxified hydrolysate that leads to reduced concentrations of
inhibitors such as acetic acid and others. In this way, the xylitol
production by Spathaspora sp. JA1 strain may be further improved
using optimized process conditions, such as temperature, pH
and aeration.

Activity of enzymes related to xylose metabolism and
hydrolysate tolerance

The first steps of xylose metabolism in yeast involve reduction
of xylose to xylitol by a NAD(P)H-dependent XR, followed by
the oxidation of xylitol by a NAD*-dependent XDH (Verduyn
et al. 1985; Karhumaa et al. 2007). Therefore, the activity lev-
els and cofactor preference of XR and XDH in the new isolated
yeasts were determined in crude-cell extracts obtained from
Spathaspora sp. JA1, M. caribbica JA9, S. passalidarum, M. guillier-
mondii and C. tropicalis cells (Fig. 4A and B). The XDH activity
was strictly NAD*-dependent, whereas the XR activities were
NADPH-dependent for most of the yeasts (Fig. 4A and B). Among
the analyzed strains, only S. passalidarum presented XR activity
with both NADH and NADPH as cofactors, showing a ratio of 1.11
NADH/NADPH XR activity. The apparent XR preference for NADH
over NADPH was previously observed for S. passalidarum (Cadete
et al. 2016a; Cadete and Rosa 2017; Veras, Parachin and Almeida
2017), and it was correlated with fermentative performance and
increased ethanol productivity for this yeast. This is because
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oxidation of NADH would regenerate NAD* used by XDH for
xylitol oxidation (Cadete et al. 2016a; Cadete and Rosa 2017;
Veras, Parachin and Almeida 2017). In contrast, xylitol producers
generally have almost exclusively NADPH-dependent XR activi-
ties (Lopes et al. 2016; Cadete et al. 2016a), concordant with the
results obtained in this study (Fig. 3, Table 2). Among the xylitol-
producing yeasts, C. tropicalis showed the highest NADPH-XR-
specific activity, which was approximately two times higher
than for the other strains. These observations may explain the
higher xylose consumption rate and xylitol productivity shown
by this yeast in the hydrolysate fermentation. High XR and XDH
activities were shown to improve xylose the consumption rate
(Karhumaa et al. 2007), and the cofactor imbalance between
NADPH-dependent XR and NAD"-dependent XDH favors xylitol
secretion (Cadete et al. 2016a, Cadete et al. 2016a, 2016b; Veras,
Parachin and Almeida 2017).

In addition to acetic acid, the furaldehydes HMF (5-
hydroxymethyl furfural) and furfural (2-furaldehyde) are known
to hinder sugar metabolism in yeast (Almeida et al. 2007, 2008).
While acetic acid tolerance mechanisms are not directly linked
with detoxification activities, yeast tolerance to HMF and fur-
fural is achieved through the capacity to reduce these com-
pounds to their corresponding alcohols: HMF-alcohol and fur-
furyl alcohol. The detoxification activities have been mainly
studied in Saccharomyces, and are linked to the reduction of
the aldehyde group of these compounds by NADH and NADPH-
dependent enzymes (Petersson et al. 2006; Almeida et al. 2008;
Modig et al. 2008; Deparis et al. 2017; Mukherjee et al. 2017). Thus,
the furaldehyde-reducing activities present in the crude extracts
of the selected yeasts using NADH and NADPH as cofactors were
measured. All yeast strains were able to reduce both HMF and
furfural (Fig. 4C,D). HMF reduction was coupled with both NADH
and NADPH in S. passalidarum, Spathaspora sp. JA1 and M. carib-
bica JA9 cells, while the reduction activity was coupled only with
NADPH in M. guilliermondii and C. tropicalis. However, S. passali-
darum showed higher NADH-dependent HMF reduction activity
than NADPH-dependent, which correlated with its highest level
of NADH-dependent XR activity among the evaluated yeasts
(Fig. 4). Previously, it was shown that S. stipitis XR, which has 75%
identity to S. passalidarum XR at the amino acid level, is able to
reduce HMF (Almeida et al. 2008), and these results suggest that
like S. stipitis XR, the S. passalidarum enzyme might also be able
to reduce HMF.

Contrary to HMF reduction activity, furfural reduction was
exclusively NADH-dependent for all evaluated yeasts (Fig. 4D).
Spathaspora sp. JA1, S. passalidarum, and M. caribbica JA9 spe-
cific activities were approximately five to ten times higher than
the activity detected in M. guilliermondii and C. tropicalis crude
extracts. The innate furaldehyde reductase activities in the eval-
uated yeasts and their fermentative performances, together
with the low concentrations of HMF (0.11 g/L) and furfural (0.66
g/L) present in the hydrolysate employed in this study, indicate
that furaldehydes were probably not the main inhibitors during
hydrolysate fermentation.

Synteny analysis of genomes and genes involved in
xylose metabolism

In order to assess the level of synteny between the strains S.
passalidarum/Spathaspora sp. JA1, M. guilliermondii/M. caribbica JA9
with the high-xylitol producer C. tropicalis, the whole genome
sequences were aligned, and a dot plot with the four combina-
tions was generated (Additional file 2). When strains of closely
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Table 3. Fermentation parameters of the xylose-fermenting yeasts in sugarcane biomass hydrolysate.

Yeast strain ~ Sugar consumption (%)? Products (g/L) Yield (g/g) Productivity (g/L.h)
Glucose Xylose Biomass Xylitol Ethanol Xylitol Ethanol © xol et
Spathaspora sp 100 99 13.00 + 1.15 22.62 + 0.59 10.67 + 0.73 0.58 + 0.08 0.23 +£ 0.02 044 + 0.01 0.21 + 0.01
JA1
M. caribbica JA9 100 89 20.69 £ 259 17.33 £ 0.11 569 £ 0.08 044 £006 012 £0.02 033 +£0.00 0.11 £ 0.00
S. passalidarum 24 3 264 +£0.13 022 +£ 032 046 + 0.46 - - - -
M. guilliermondii 100 75 9.53 + 2.22 1295 £ 1.52 857 + 046 042 +£0.07 0.224+0.02 0.25+003 0.16 £ 0.01
C. tropicalis 100 100 7.58 £ 2.16 23.66 + 1.52 8.60 +£ 0.79 054 £ 0.01 0.16 £ 0.01 0.84 £ 0.05 0.31 £ 0.03
The values correspond to averages and standard deviations of two biological replicates, calculated over 64 h of fermentation, except for C. tropicalis (28 h).
2Percentage of initial sugar consumed (%).Initial glucose and xylose concentrations were approximately 8 and 40 g/L, respectively.
bXylitol yield: correlation between xylitol produced and xylose consumed.
¢Ethanol yield: correlation between ethanol produced and sugar consumed.
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Figure 4. Xylose reduction (A), xylitol oxidation (B), HMF (C) and furfural reduction (D) activities expressed in units per mg of protein (U/mg), measured in crude cell
extracts from S. passalidarum (Sp), M. guilliermondii (Mg), C. tropicalis (Ct), Spathaspora sp. JA1 and M. caribbica JA9. The values correspond to averages and standard

deviations of two biological replicates.

related species are compared (Additional file 2a and c), the
macrosynteny was observed as expected. On the other hand,
when compared with C. tropicalis (Additional file 2b and d),
this pattern changed to mesosynteny (Additional file 2b), and
degraded mesosynteny (Additional file 2d) (Hane et al. 2011).
There are some phenotypic similarities between these yeasts,
at least in terms of xylitol production (Mattam et al. 2016; Dalli
et al. 2017), but this is not reflected in the genome organization,
as shown in this work. Even synteny comparisons of loci, such as
for the genes XYL1, XYL2 and XYL3 (encoding Xyllp, Xyl2p and
Xyl3p respectively), among C. tropicalis, Spathaspora sp. JA1 and
M. caribbica JA9, was not possible due to low similarity.

Synteny analysis of XR-encoding genes (XYL1) among the
related species S. passalidarum and Spathaspora sp. JA1 or M. guil-
liermondii and M. caribbica JA9 revealed a significant conserva-
tion in gene order and orientation in both comparisons (Fig. 5).
Our finding shows that Spathaspora sp. JA1 has only a single copy
of the XYL1 gene, similarly to other Spathaspora species already
characterized, including S. arborariae, S. brasiliensis, S. girioi, S. gor-
wiae and S. xylofermentans (Lopes et al. 2016; Cadete et al. 2016a).

Thus far, duplication of XYL1 (XYL1.1, XYL1.2) was only detected
in S. passalidarum strains (Wohlbach et al. 2011; Cadete et al.
2016a). Previous works demonstrated that XYL1.2 encodes an
NADH-preferring XR, while XYL1.1 encodes a strictly NADPH-
dependent XR. In addition, the NADH-dependent XR activity has
been correlated with efficient xylose conversion to ethanol by S.
passalidarum (Cadete et al. 2016a; Veras, Parachin and Almeida
2017), whereas NADPH-dependent XR activities with higher xyl-
itol yields in different yeast species (Pal, Mondal and Sahoo 2016;
Veras, Parachin and Almeida 2017). The fact that Spathaspora
sp. JA1 has only a single copy, 97% identical to XYL1 or XYL1.1
from S. brasiliensis or S. passalidarum, which encodes a NADPH-
dependent XR (Fig. 4), could help explain the production of xyli-
tol over ethanol by this yeast.

Protein sequence alignment shows that Xyllp (Spathaspora
sp. JA1) and Xyll.1p (S. passalidarum) cluster together whereas
Xyl1.2p (S. passalidarum) is not closely related to these enzymes.
Candida tropicalis presents a XR protein that is closely related to
the Xyl1.1p proteins from Spathaspora species, sharing approx-
imately 85% identity. Meyerozyma caribbica JA9 presents two
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Figure 5. Synteny analysis of XR (XYL1) encoding genes among Spathaspora sp. JA1-S. passalidarum and M. caribbica JA9-M. guilliermondii, using blastn comparison and
gff3 annotation as input for the mGSV software. Spathaspora synteny block shows the XYL1 gene duplication in S. passalidarum. Meyerozyma synteny block shows the
presence of RTA1 domain containing gene in M. guilliermondii. Phylogenetic tree obtained from a concatenated alignment of 200 conserved, single-copy orthologous

genes inferred by Maximum Likelihood (ML) using RAXML software and rooted with S

genes encoding putative XR. Although these proteins are closely
related to the Xyl1.1p or Xyl1.2p from M. guilliermondii, Xyl1.1p
grouped in a different branch of Xyl1.2p, displaying approxi-
mately 65% identity at the protein level (Fig. 6 and Additional file
3). Despite the similarity between the aligned sequences of the
Meyerozyma strains (~95% identity), remarkable differences were
observed in XR activity. JA9 presented approximately three times
higher NADPH-XR specific activity compared with M. guillier-
mondii, which may also explain its higher HMF reduction activity,
as XR was shown to reduce HMF (Almeida et al. 2008). In addi-
tion, both Meyerozyma strains showed conservation at positions
59/60 (R59) and 271/272 (N or D 271), which affects XR cofactor
preference (Cadete et al. 2016a). Thus, the higher XR activity in M.
caribbica JA9 is probably not due to Xyl1p differences between the
Meyerozyma strains. All Xyllp protein sequences analyzed con-
tain the conserved IPKS motif (Ile-Pro-Lys-Ser) that is involved
with cofactor binding, and the GXXXGXG motif related to coen-
zyme binding (Lee 1998).

Regarding the xylose dehydrogenase (XYL2) gene, the strains
retain a conserved region in the paired comparison (data not
shown). Both JA1 and JA9 contain two copies of the XYL2 gene,
which is consistent with other Spathaspora species such as S.
passalidarum, S. arborariae and S. girioi (Lopes et al. 2016; Cadete
et al. 2016a), and Meyerozyma strains. The XYL3 gene, encoding
a xylulose kinase, was detected in a single copy in the genomes
of all strains. The examination of the syntenic region contain-
ing the XYL3 gene (Fig. 7) showed the insertion of the VPS10
gene (that encodes a sorting receptor that functions in tar-
geting multiple vacuolar proteases), FAO2 (Long-chain-alcohol
oxidase) and an unknown gene (F-box domain—IPR001810) in
Spathaspora sp. JA1l. Among the Meyerozyma strains, the region
exhibited a conserved organization between the genomes. The
protein sequence alignment revealed that the Xyl3p sequences
were highly conserved in the closely related species, showing an

accharomyces cerevisiae. Scale is in amino acids substitutions per site.

identity of 90 or 95% between the Spathaspora and Meyerozyma
strains, respectively.

CONCLUSION

Two strains capable of assimilating xylose and produce xylitol
in sugarcane biomass hydrolysate were isolated from the Brazil-
ian Cerrado biome and identified as Spathaspora sp. JA1 and M.
caribbica JA9. Due to the relevance of xylose utilization, their
complete genomes were sequenced and assembled. To the best
of our knowledge, this is the first report of genomes of xylose-
assimilating yeasts from the Cerrado biome. It was shown that
the xylose metabolic pathway, i.e. XR, XDH and XK, is conserved
among the xylitol-producing yeasts Spathaspora sp. JA1, M. carib-
bica JA9 and M. guilliermondii, but not in S. passalidarum, which
possess two XRs. Additionally, measurements of XR and XDH
activities demonstrated a correlation between cofactor usage
and ethanol and xylitol production. These results indicate that
screening strategies of xylose-utilizing yeasts should take the
cofactor usage during xylose reduction in consideration. The
high capacity of Spathaspora sp.JA1 to produce xylitol opens the
possibility of employment of this strain in biotechnological pro-
duction processes for this compound. In this context, physiolog-
ical and genetic information is essential to develop metabolic
engineering strategies or to optimize the process conditions,
which may lead to improved yields and productivities compati-
ble with the industry.
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the program Muscle.

scaffold_36
72986 | YS 99814
Spathaspora sp. s » (— (—
JA1 MAK11 unknown XYL3 unknown VPS10 FAO2 unknown YGL185C
. —— (—

S. passalidarum  'mAK11 LYS1 XYL3  hypothetical LYS1 wD40
2331483 2347511
scaffold_1
scaffold_6

M. guilliermondii % (— — g0 180

SRP72 ALD6P HAP4 XYL3 unknown LYS1 MAK11
I t
N |
| | | |
B | |
E———  EE——— ——— {E—

Meyerozyma sp.™ spp72 ALD6P XYL3 unknown LyS1 MAK11
355355 342922
scaffold_7

—— Saccharomyces cerevisiae

01
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